lENTATION  PAGE 


form  Approved 
0MB  No.  0704  018B 


eo  9^  rr%490i^Ut.  •ACiwdi'if  (M  rtvir«*iA9  tftstnpftionk.  wr*rch>n9  eaivimg  9«t«  vO«r  ^ 

na  re(iewin9  trtf  celitction  of  iMocmotioA  Vena  commoner  r«o*f  dtng  th*t  tKtrO«<^  O'  otH«r  :***■* 

to  MrothingtOft  HoMOwontfi  StOKn.  OirtctOfttt  fot  mformci.on  Optr«t>ofti  *nO  ^toony  WiS 
tM  Of^Kt  of  M*no9«me'tt  oAO  Iw09tt.  f^aporwO'V  MtOwCt>OA  froi«Ct  (0704-0  *>  M).  ^Oin>n9tO'».  OC  2050} 


2.  REPORT  DATE 

3.  REPORT  TYPE 

^0  OATES  COVERED  ,  AY  . 

4-16-93 

Final 

MucnK.1  U»t  UNLY  (Le«vc  blink) 


4.  title  and  subtitle 

Microwave  Emission  From  Relativistic  Electron  Beams 


S.  FUNDING  NUMBERS 


«.  AUTHOR(S) 

Prof.  George  Bekefi 

7.  PERFORMING  ORGANIZATION  NAME(S}  ANO^AOOR£SS(ES) 

Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology 
77  Massachusetts  Avenue 
Cambridge,  MA  02139 

9.  SPONSORING /MONITORING  AGENCY  NAME{S)  AND  AOORESS(ES) 

A.F,  Office  of  Scientific  Research 
Building  410 

Bolling  Air  Force  Base,  DC  20332 


AFOSR  89-0082  C 


2301/ES 

B.  PERFORMING  ORGANIZATION 

report  number 


AFPSR-TR- 


«  >  ri  i)  9 


10.  SPONSORING  /  MONITORING 
'  AGENCY  report  NUMBER 


Mi/Q 


11.  SUPPLEMENTARY  NOTES 

The  View,  opinions  and/or  findings  contained  in  this  report  are  those  of  the 
author (s)  and  should  not  be  construed  as  an  official  Department  of  the  Army 
position,  policy,  or  decision,  unless  so  designated  by  other  documentation. 
12a" DISTRIBUTION /availability  STATEMENT  1  12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  unlimited. 


12b.  DISTRIBUTION  CODE 

DTIC 

%  ELECTE  1 
k.  MAYl  3  1993! 


1 13.  ABSTRACT  (Maximum  200  words) 


Work  by  Prof.  Bekefi  and  his  collaborators  is  summarized  here 


B8  5  11  04  4 


93-10278 


1 14.  SUBlEa  TERMS 


15.  number  OF  PAGES 

16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  i  18.  SECURITY  CLASSIFICATION  1 19.  SECURITY  CLASSIFICATION  |  20.  LIMITATION  OF  ABSTRACT 

OF  REPORT  I  OF  THIS  PAGE  I  OF  ABSTRACT  I 


i  UNCLASSIFIED 

NSN  7540.01-780-S500 


UNCLASSIFIED 


UNCLASSIFIED 


Standard  Form  798  (Rev  2-89' 

by  ANVi  Vw 

25»>102 


FINAL  REPORT 


United  States  Air  Force  Office  of  Scientific  Research 


MICROWAVE  EMISSION  FROM 
RELATIVISTIC  ELECTRON  BEAMS 


Project  Period 

November  1,  1988  -  December  31, 1992 


Research  Grant  Number:  AFOSR-89-0082 


Attention:  Dr.  Robert  Barker 
AFOSR/NE 

1 10  Duncan  Avenue  (Bldg  410)  Suite  B1 15 
Bolling  AFB,  DC  20332-0001 


Submitted  by 
George  Bekefi 

Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology 
77  Massachusetts  Avenue 
Cambridge,  Massachusetts  02139 

April  12,  1993 


1 


Table  of  Contents 


Research  in  Project  Period  November  1, 1988  -  October  31,  1989 . I 

Research  in  Project  Period  November  1,  1989  -  October  31,  1990 .  17 

Research  in  Project  Period  November  1, 1990  -  October  31, 1991 . 89 

Research  in  Project  Period  November  1,  1991  -  December  31, 1992 .  129 


ii 


PROJECT  PERIOD 
November  1 , 1 988  -  October  31 , 1 989 


1 


Table  of  Contents 


Short  period  wiggler  for  free  electron  lasers . 3 

Studies  of  optical  guiding  and  profile  modification  in  a  Raman  PEL . 9 

Study  of  PEL  mode  competition . 9 

Effect  of  electron  prebunching  on  the  radiation  growth  rate  in  a  collective  (Raman)  free 
electron  laser  amplifier . 13 

Experiments  with  a  35  GHz  cyclotron  auto  resonance  maser  (CARM) . 13 


2 


k  « 


This  is  a  continuation  proposal  on  Mu’ro-i'.vr  rrri.srinn  from  Relativistic 
Electron  Beams  for  the  grant  period  of  November  1,  1988  to  October  31,  1989. 

Below  we  summarize  the  various  research  activities  supported  wholly  or 
in  part  under  the  aegis  of  the  Air  Force  Office  of  Scientific  Research. 

All  of  the  experimental  studies  described  below  will  be  performed  using 
our  Physics  International  615MR  Pulserad  Accelerator  with  a  maximum  voltage 
of  500  kV  and  peak  currents  of  4  kA  and  the  1.5MV,  30kA  Pulserad  llOA. 

The  electron  beam  is  presently  generated  by  a  thermionical ly  emitting, 
electrostatically  focused,  Pierce-type  electron  gun  (250  kV,  250  A)  removed 
from  a  SLAC  klystron  (model  343).  An  assembly  of  six  focusing  coils  is  de¬ 
signed  so  that  their  magnetic  field  lines  lie  along  the  zero-magnetic  field 
electron  trajectories  (see  Fig.  1).  This  field  configuration  gives  the  least 
scalloping  of  the  electron  beam  (low  transverse  temperature)  and  allows  the 
magnetic  field  amplitude  to  be  varied  over  a  wide  range  without  greatly  af¬ 
fecting  the  electron  beam  temperature.  Only  the  inner  portion  of  the  beam  is 
used;  an  aperture  limits  the  beam  radius  to  r^  =  0.254  cm.  Consequently,  the 
net  current  available  for  the  different  experiments  is  in  the  range  of  1-8  A. 

In  addition  to  the  above  gun,  we  have  recently  procured  from  SLAC  a 
brand-new, state  of  the  art,  electron  gun  that  can  operate  at  450  kV  and  a  peak 
current  of  approximately  500  A.  The  advantage  of  this  system  over  the  previ¬ 
ous  one  is  our  ability  to  operateat  higher  voltages  and  thus  study  the  various 
coherent  radiation  mechanisms  at  considerably  shorter  wavelengths.  Moreover, 
this  gun  is  provided  with  an  impregnated  cathode  which  is  much  less  prone  to 
poisoning. 

a)  Short  Period  Wiqgler  for  Free  Electron  Lasers. 

Short  period  (1-5  mm)  wigglers  for  free-electron  laser  (FEL)  applications 
has  been  a  subject  of  considerable  interest. Besides  its  compactness,  such  a 
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Schematic  of  Raman  PEL 


system  has  the  advantage  of  producing  higher  frequency  radiation  with  a  given 
electron  energy,  or  conversely,  it  reduces  the  electron  energy  required  to  ac¬ 
cess  a  given  wavelength.  Here  we  describe  a  new  scheme  of  fabricating  micro- 

undulators  with  2.4  mm  period,  2  kG  peak  field  on  axis.  In  this  magnetic 
structure, each  period  consists  of  two  channels  (electro-magnets)  energized  by 
current  with  opposite  polarities,  hence  the  magnetic  field  in  each  half  period 
is  independently  controllable.  The  unique  flexibility  of  this  configuration, 
in  principle,  allows  one  to  tune  out  some  random  errors  associated  with  field 
variations  in  individual  channels,  and  also  permits  field  tapering  for  effici¬ 
ency  enhancement  studies. 

The  construction  of  the  micro-undulator  is  similar  to  that  of  the  magnet¬ 
ic  recording  heads^  manufactured  for  precision  applications.  It  is  assembled 
in  tv;o  half  brackets,  each  with  60  precision-cut  slots,  held  together  with 
epoxy  and  bolts  (see  Figs.  2  and  3).  Ferrite  cores,  wound  with  160  turns  of 
40  gauge  wire,  are  loaded  into  the  slots  in  the  half-brackets  and  potted. 
Terminal  boards  (electrical  interfaces)  are  connected  to  the  core  windings 
and  inserted  into  the  half-brackets.  The  whole  assembly  is  then  lapped  and 
gapped  to  the  final  configuration.  All  mechanical  tolerances  are  held  to 
within  0.3  mil.  such  that  an  undulator  period  error  of  less  than  1%  is 
achieved. 

Preliminary  field  measurements  of  a  30  period  prototype  undulator  and 
the  design  parameters  of  a  submillimeter  experiment  driven  by  450  keV  elec¬ 
tron  beam  will  be  performed.  Using  our  short  period  wiggler,  wavelengths  of 
•'400  urn  can  be  achieved  with  good  gain  (see  Table  1).  We  expect  this  experi¬ 
ment  to  continue  for  a  period  of  1-2  years. 
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Table  1 

PEL  characteristics  for  radiation  at  a  wavelength  of  400ym 
using  the  microwiggler  shown  in  Fig.  2.  [Wiggler  calibra¬ 
tion  measurements  yield  160  Gauss  per  Ampere  of  input  cur¬ 
rent.] 


Electron  Energy  450  keV 

Peak  Electron  Energy  20  A 

Beam  Radius  0.5  mni 

Wiggler  Period  2.4  mm 

Number  of  Periods  80 

Wiggler  Length  19.2  cm 

Wiggler  Field  (IpS  pulse  length)  2  kG 

Single  Pass  Gain  15  dB 
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b)  Studies  of  Optical  Guiding  and  Profile  Modification  in  a  Raman  FEl. 


In  our  previous  experiments  (see  Appendix  1)  v;e  have  ob¬ 

served  profile  modifications  caused  by  the  free  electron  laser  interaction. 

The  modifications  are  a  combination  of  two  effects:  a  change  in  shape  of  the 
electromagnetic  waveguide  mode  which  the  system  supports,  and  the  RF  fields 
generated  by  the  bunched  electron  beam.  The  net  electric  field  as  measured 
by  our  small  dipole  antennas  represents  the  vector  sum  of  these  tv;o  contribu¬ 
tions.  The  problem  that  needs  to  be  addressed  is  the  unfolding  of  these  two 
fields.  This  can  be  done  by  noting  that  the  electromagnetic  wave  component 
is  purely  linearly  polarized,  whereas  the  electric  fields  of  the  bunched 
beam  have  a  roughly  radial  distribution  near  the  beam  center.  Thus,  by  con¬ 
structing  dipole  antennas  sensitive  to  different  polarizations  should  allow 
us  to  separate  the  electromagnetic  and  space  charge  components. 

We  ha  a  constructed  such  antennas  as  is  illustrated  in  the  schematic 
shown  in  Fig.  4.  Figure  5  is  a  photograph  of  one  of  these  antennas. 

Initial  measurements  show  that  we  can  indeed  measure  the  space-chargewave 
alone.  The  results  give  us  some  confidence  that  we  shall  therefore  be  able 
to  separate  out  the  electromagnetic  com.ponents.  We  expect  this  experiment  to 
continue  for  a  period  of  6-12  months.  It  is  complementary  to  the  studies  being 
carried  out  at  Columbia  University^  where  multimode  effects  are  investigated. 

Reference 

1.  A.  Bhattacharjee,  S.Y.  Cai ,  S.P.  Chang,  J.W.  Dodd,  and  T.C.  Marshall, 

Phys.  Rev.  Lett.  1254  (1988). 

c)  Study  of  FEL  Mode  Competition. 

The  operation  of  free  electron  lasers  at  millimeter  and  submillimeter 
wavelengths  requires  a  waveguide  to  confine  the  emitted  radiation.  Due  to 
the  finite  transverse  dimensions  of  the  electron  beam  and  of  the  electron  or- 
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bits  in  the  wiggler,  the  waveguide  must  usually  be  overmoded.  In  such  cir¬ 
cumstances  more  than  one  waveguide  mode  may,  in  fact,  interact  with  the  elec¬ 
tron  beam.  Such  coupling  has  been  observed  in  the  free  electron  experiments 
at  the  Lawrence  Livermore  National  Laboratory^  and  nonlinear  theory  has  also 
been  developed.^ 

The  above  studies  were  carried  out  in  the  high  gain,  single  particle  re¬ 
gime.  We  plan  to  undertake  an  experimental  and  theoretical  study  of  these 
phenomena  in  the  collective  Raman  regime  using  our  existing  free  electron 
laser  facility. 

We  note  that  some  interesting  physics  occurs  even  if  the  waveguide  can 
support  just  one  mode,  and  when  two  frequencies  are  injected  simultaneously 
into  the  free  electron  laser  interaction  region.  In  a  recent  Bachelor  Thesis 
experiment  by  Tamar  More  of  our  laboratory,  two  microwave  signals  of  somewhat 
different  frequencies  were  injected  into  the  free  electron  laser  interaction 
region.  One  of  these  frequencies  cor» wSponded  to  the  free  electron  laser 
resonant  condition,  whereas,  the  other  was  slightly  removed.  The  two  waves 
were  found  to  interact  very  strongly,  causing  quite  dramatic  changes  in  the 
free  electron  laser  gain.  The  changes  in  gain  became  smaller  and  smaller, 
the  larger  the  difference  between  the  tv/o  frequencies.  Since  the  perturbing 
v/ave  was  of  very  large  amplitude,  the  phenomenon  is  clearly  nonlinear  in 
nature.  We  plan  to  undertake  more  detailed  experimental  studies  of  the  phe¬ 
nomenon  and  use  our  nonlinear  PEL  codes  to  model  the  experiment. 

References 

1.  T.J.  Orzechowski,  B.  Anderson,  W.M.  Pawley,  D.  Prosnitz,  E.T,  Scharlemann, 
S.  Yarema,  D.B.  Hopkins,  A.C.  Paul,  A.M.  Sessler  and  J.S.  Wurtele,  these 
Proceedings  (7th  Int.  PEL  Conf.)  Nucl .  Instr.  and  Meth.  A250,  144  (1986). 

2.  J.S.  Wurtele,  E.T.  Scharlemann,  and  A.M.  Sessler,  Nucl.  Instr.  and  Meth. 
A250,  176  (1986). 
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(d )  Effect  of  Electron  Prebunching  on  the  Radiation  Growth  Rate  1n  a  Collec¬ 
tive  (Raman)  Free  Electron  Laser  Amplifier 

Experiments  are  being  carried  out  on  the  effects  of  electron  prebunching 
in  a  mildly  relativistic  ('^^200  keV)  free  electron  laser  amplifier  operating^ 
in  the  collective  (Raman)  regime  at  a  frequency  of  '^^10  GHz.  Prebunching  is 
established  by  injecting  a  monochromatic  wave  into  a  bifilar  helical  wiggler 
interaction  region  as  is  done  in  conventional  free  electron  laser  amplifiers, 
and  then  transporting  the  bunched  beam  into  a  second  magnetic  wiggler  region. 
The  growth  rates  are  deduced  from  observations  of  the  radiation  intensity  as 
a  function  of  interaction  length.  Results  are  presented  both  in  the  small 
signal  (linear)  and  saturated  (nonlinear)  regimes.  Measurements  show  that 
such  a  "transverse  optical  klystron"^  exhibits  a  manyfold  increase  in  the 
radiation  growth  rate  as  compared  with  a  system  without  prebunching  (see  Figs. 
6  and  7  and  Appendix  2). 

We  plan  to  continue  with  these  studies  during  the  forthcoming  year. 

References 

1.  0.  Fajans  and  G.  Bekef i ,  Phys.  Fluids  3461  (1986). 

2.  R.  Coisson,  in  "Particle  Accelerators"  Gordon  and  Breach  Science  Publish¬ 
ers  (1981)  p.  245. 

(e)  Experiments  with  a  35  GHz  Cyclotron  Auto  Resonance  Maser  (CARM) 

Initial  studies  of  a  cyclotron  auto  resonance  maser  (CARM)  have  begun. 

The  measurements  are  carried  out  at  a  frequency  of  ^35  GHz  using  a  mildly 
relativistic  electron  beam  of  0.1,5  MeV  energy  and  'u250A  current.  The  beam 
is  generated  by  a  field  emission  electron  gun  (0.1.5  MeV,  o.20  kA)  followed  by 
an  emittance  selector  that  removes  o.99%  of  the  outer,  hot  electrons.  The  en- 
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Fig. 


tire  system  (length  '^>1.7m),  including  the  field  emission  gun,  is  immersed  in  a 
uniform  solenoidal  guide  field  that  can  be  varied  from  zero  to  ^.15  kG.  Per¬ 
pendicular  energy  (Vj^/c  =  0.3)  is  imparted  to  the  electrons  by  means  of  a  bi- 
filar  helical  wiggler  having  a  period  of  7  cm  and  a  length  of  cm.  The 
cyclotron  radiation  is  generated  in  a  Im  long  v/iggler  free  region. 

This  work,  which  is  in  its  very  initial  stages,  is  expected  to  continue 
for  approximately  2-3  years.  A.C.  Dirienzo,  a  new  graduate  student,  is  in 
charge  of  this  work.  This  project  is  funded  entirely  by  AFOSR. 
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Project  Summary 


This  is  a  continuation  proposal  on  Microwave  Emission  from  Relativistic  Beams  for 
the  grant  period  of  November  1,  1989  to  October  31,  1990.  Below  we  summarize  the 
major  research  activities  supported  entirely  or  in  part  by  the  Air  Force  Office  of  Scientific 
Research. 

The  primary  objective  of  the  group  is  to  develop  a  basic  experimental  and  theoretical 
understanding  of  coherent  generation  by  free  electrons  for  wavelengths  in  the  l/zm  to  10  cm 
range.  Particular  emphasis  is  placed  on  free  electron  lasers,  Cerenkov  sources,  relativistic 
magnetrons  and  other  novel  radiation  sources. 

The  experiments  are  carried  out  on  four  high-voltage  pulsed  accelerators  available  in 
our  laboratory.  Their  characteristics  are  summarized  as  follows: 


Accelerator 

Voltage 

Current 

Pulse 

Length 

Repititlon 

Range 

Physics 

International 

Pulserad 

110A 

1.5  MV 

20  kA 

30  nsec 

n/a 

Nereus 

Accelerator 

600  kV 

150  kA 

30  nsec 

n/a 

Physics 

International 

615MR 

Pulserad 

500  kV 

4  kA 

1^5  ec 

n/a 

High 

Voltage 

Modulator 

700  kV 

600  A 

lAisec 

1  pps 
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(a)  A  35  GHz  CYCLOTRON  AUTORESONANCE  MASER 

(CARM)  AMPLIFIER 


The  cyclotron  autoresonance  maser  (CARM)  has  been  subjected  to  extensive  theoret¬ 
ical  [l],[2]  studies  and  numerical  simulations  [3]-[5].  However,  unlike  the  gyrotron  and  the 
free  electron  laser,  its  capabilities  as  a  source  of  coherent  millimeter  wavelength  radiation 
remain  virtually  untested  in  the  laboratory.  To  the  best  of  our  knowledge,  only  CARM 
oscillator  experiments  [6), [7]  have  been  reported  in  the  literature.  We  present  here  what 
we  believe  to  be  the  first,  albeit  preliminary,  studies  of  a  CARM  amplifier. 

The  emission  from  a  CARM  results  through  an  interaction  between  the  Doppler  u{>- 
shifted  cyclotron  wave  on  the  electron  beam 


u  —  Qo/'y  + 


(1) 


and  an  electromagnetic  waveguide  mode 


2 

(jJ 


(2) 


u  and  k'\  are  the  frequency  and  axial  wavenumber  repectively;  Do  =  eBj|/m  is  the  non- 
relativistic  electron  cyclotron  frequency  associated  with  an  axial  guide  magnetic  field  J5j|; 
•7  =  [l  —  (v|j/c)^  —  is  the  relativistic  energy  factor;  and  Uc  is  the  cutoff  fre¬ 

quency  of  the  waveguide  mode  in  question.  Maximum  gain  of  the  CARM  instability  occurs 
near  phase  velocity  synchronism  of  the  two  waves.  This  yields  the  radiation  frequency: 

.  =  (3) 

Here  ;9j|  =  i'j|/c,'7||  =  (l  — and  the  positive  sign  refers  to  the  sought  after  Doppler 
upshifted  CARM  mode  of  operation. 

A  schematic  of  the  CARM  amplifier  is  shown  in  Fig.  1.  The  accelerator  potential  is 
supplied  by  a  Marx  generator  (Physics  International  Pulserad  110  A)  with  a  maximum 
capability  of  1.5  MV  and  20  kA.  The  electron  beam  is  generated  by  a  field  emission  gun 
composed  of  a  hemispherical  graphite  cathode  and  conical  anode,  which  also  acts  as  an 
emittance  selector.  The  entire  two  meter  long  system  is  immersed  in  a  uniform  solenoidal 
magnetic  field  of  7  kG. 

The  260  A,  1.5  MV  beam  that  issues  from  the  emittance  selector  has  a  radius  of  0.254 
cm  and  a  measured  [8]  normalized  beam  brightness  equal  to  2.4  x  lO'*  A  cm~^rad“^.  This 
corresponds  to  a  normalized  RMS  emittance  of  4.9  x  10"^  cm-rad  and  an  RMS  energy 
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sp’^ead  A'if|j/'y|j  ~  0.019.  VVe  note  that  considerably  higher  beam  brightness  is  achieved  by 
sacrificing  current.  When  the  radius  of  the  the  emittance  selector  is  reduced  to  0.076  cm, 
the  current  drops  to  8.4  A,  but  the  brightness  increases  to  9.5  x  10^  A  cm~'rad~".  The 
corresponding  emittance  is  now  4.5  x  10~^  and  the  energy  spread  A7j|/7|j  ~  0.0017. 

The  aforementioned  260  A  electron  beam  is  injected  into  the  bifilar  helical  wiggler 
which  imparts  perpendicular  energy  to  the  electrons.  The  wiggler  has  a  periodicity  of 
7  cm  and  is  six  periods  long.  Within  the  first  four  periods,  the  wiggler  magnetic  field 
increases  slowly  and  thereby  ^  rovides  an  adiabatic  input  for  the  electron  beam;  the  last 
two  periods  provide  a  uniform  wiggler  field  with  an  amplitude  on  axis  equal  to  460  G. 
The  resulting  transverse  electron  velocity  (wx  —  0.3t;j|)  is  estimated  from  witness  plate 
observations  of  the  beam  dimensions. 

The  downstream  end  of  the  wiggler  is  terminated  abruptly  by  means  of  a  metal  short¬ 
ing  ring  and  the  spinning  electrons  are  allowed  to  drift  into  the  100  cm-long  CARM  inter¬ 
action  region  where  they  are  subjected  to  the  uniform  axial  magnetic  field  only.  We  note 
that  as  a  result  of  the  wiggler  excitation  and  the  abrupt  wiggler  termination,  the  energy 
spread  A7||/7||  of  the  electrons  entering  the  CARM  region  can  be  considerably  worse  than 
the  energy  spreads  quoted  above  in  reference  to  electrons  leaving  the  emittance  selector. 

The  ~  2m  long,  0.787  cm  radius  evacuated  drift  tube  acts  as  a  cylindrical  waveguide 
whose  fundamental  TEyy  mode  has  a  cutoff  frequency  a;c/27r  =  11.16  GHz.  Substituting 
this  value  of  Wg  in  Eq.  3,  together  with  the  remaining  experimental  parameters,  yields  the 
desired  35  GHz  radiation  frequency. 

Fig.  2  illustrates  the  time  history  of  the  voltage,  current  and  radiation  characteristics 
of  the  device.  The  CARM  has  been  operated  in  the  superradiant  mode,  in  which  the  signal 
is  allowed  to  grow  out  of  background  RF  noise. 

At  the  output  end  of  the  CARM,  a  mica  window  transmits  the  circularly  polarized 
radiation  generated  in  the  drift  tube,  where  it  is  measured  by  means  of  standard  calibrated 
crystal  detectors,  and  its  spectrum  is  analyzed  by  means  of  a  98m-long  dispersive  line. 
In  order  to  determine  the  growth  rate  of  the  wave,  the  output  intensity  is  measured  as  a 
function  of  the  length  of  the  interaction  region.  This  is  accomplished  by  means  of  an  axially 
movable  horse-shoe  “kicker”  magnet  that  deflects  the  electron  beam  into  the  waveguide 
wall  at  any  desired  position  z,  thereby  terminating  the  interaction  at  that  point.  Fig.  3 
shows  how  the  RF  power  output  measured  at  the  far  downstream  end  varies  with  the 
“kicker”  magnet  position  z.  The  slope  of  the  curve  yields  a  single  pass  gain  of  0.9  dB/cm, 
a  value  that  is  consistent  with  computer  simulations  presented  in  Fig.  4. 

Under  the  aegis  of  this  contract  we  propose  to  inject  a  35  GHz  monochromatic  signal 
from  a  high  power  magnetron  driver  and  study  various  aspects  of  the  CARM  amplifier. 
The  work  will  include  the  following: 

1.  Linear  growth  rate  measurements. 

2.  Nonlinear  saturation  effects. 

3.  Phase  characteristics  in  both  the  high  gain  and  low  gain  regimes. 
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4.  Efficiency  optimization  by  improving  wiggler  characteristics  and  by  magnetic  field 
tapering. 

We  expect  these  studies  to  take  approximately  two  years. 
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Figure  3 
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Figure  4 


26 


RADIATION  GROWTH  RATE  T  (dB/ctn) 


References 


1.  A.W.  Fliflet,  Int.  J.  Electron.,  61,  1049-1080  (1986). 

2.  V.L.  Bratman,  N.S.  Ginzburg,  G.S.  Nusinovich,  M.I.  Petelin  and  P.S.  Strelkov,  Int. 
J.  Electron.,  51,  541-567  (1981). 

3.  K.D.  Pendergast,  B.G.  Danly,  R.J.  Temkin,  and  J.S.  Wurtele,  submitted  to  IEEE 
Trans.  Plasma  Sci.,  April  (1988). 

4.  A.T.  Lin,  Int.  J.  Electron.,  57,  1097-1108  (1984). 

5.  B.G.Danly,  K.D.  Pendergast,  R.J.  Temkin,  and  J.A.  Davies,  Proc.  SPIE  873,  (1988). 

6.  I.E.  Botvinnik,  V.L.  Bratman,  A.B.  Voikov,  N.S.  Ginsburg,  C.G.  Denisov,  B.D. 
Kol’chugin,  M.M.  Ofitserov,  and  M.I.  Petelin,  Pis’ma  Zh.  Eksp.  Teor.  Fiz.,  35, 
418-420  (1982). 

7.  I.E.  Botvinnik,  V.L.  Bratman,  A.B.  Volkov,  G.  Denisov,  B.D.  Kol’chugin,  and  M.M. 
Ofitserov,  Pis’ma  Zh.  Eksp.  Teor.  Fiz.,  8,  1376-1378  (1982). 

8.  The  technique  is  described  by  D.  Prosnitz  and  E.T.  Scharlemann,  Lawrence  Livemore 
National  Laboratory,  ATA  Note  No.  229,  Feb.  22  (1984). 


27 


(b)  A  HIGH  EFFICIENCY  35  GH*  UBITRON  AMPLIFIER 


Low  frequency  FELs  (generally  called  UBITRONS)  often  operate  in  combined  wiggler 
and  axial  magnetic  fields  [1,2].  The  axial  magnetic  field  provides  focussing  of  the 
mildly  relativistic  electron  beam.  At  low  magnetic  fields  the  FEL  gain  and  efficiency 
characteristics  are  by  and  large  very  similar  to  conventional  FELs  without  axial  field 
focussing.  However,  at  large  fields  such  that 

(1) 

Gamguli  and  Freund  [3,4]  have  shown  that  important  changes  occur  (flc  is  the  relativistic 
electron  cyclotron  frequency  associated  with  B.,  k,,,  is  the  wiggler  wave  number,  and  vj>  is 
the  axial  electron  velocity). 

In  the  regime  defined  by  inequality  1  above,  the  FEL  interaction  is  strongly  coupled 
to  the  intrinsically  unstable  space  charge  wave  on  the  beam.  This  leads  to  a  dramatic 
increase  in  the  FEL  efficiency. 

We  have  carried  out  numerical  simulations  for  a  35  GHz  frequency  system  with  pa¬ 
rameters  given  in  the  table  below. 


Beam  voltage  1.8  MV 

Beam  current  300  A 

Axial  magnetic  field  10.8  kG 

Wiggler  magnetic  field  1,7  kG 

Wiggler  period  7  cm 

Calculated  efficiency  57% 


Fig.  1  illustrates  a  typical  energy  versus  phase  diagram  (at  an  axial  distance  of  60 
cm),  showing  strong  bunching.  Fig.  2  shows  a  plot  of  output  power  versus  axial  position. 
Computations  yield  an  electronic  efficiency  of  57%  for  an  electron  beam  with  an  initial 
energy  spread  of  4%. 

We  propose  to  carry  out  this  experiment  using  our  PI  110  A  accelerator.  We  have  a 
high  power  35  GHz  magnetron  driver,  as  well  as  the  wiggler  and  all  other  auxiliary  equipK 
ment.  The  experimental  program  will  be  well  integrated  with  theoretical  and  numerical 
studies.  The  project  is  expected  to  last  2-3  years  and  will  include  both  linear  and  nonlinear 
studies. 
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Abstract 


Experiments,  theory,  and  simulations  are  reported  on  the  effects 
of  electron  prebunching  in  a  mildly  relativistic,  low  current  (200  kV, 
lA)  free-electron  laser  amplifier  operating  in  the  collective  (Raman) 
regime  at  a  frequency  of  ~  10  GHz.  Prebunclung  is  established  by  in¬ 
jecting  an  electromagnetic  wave  into  a  bifilar  helical  wiggler  and  then 
transporting  the  bunched  beam  into  a  second  magnetic  wiggler  region. 
The  wave  grow;»»  'a^e  is  deduced  from  measurements  of  the  rtwiiation 
intensity  as  a  function  of  interaction  length.  Observations  show  that 
prebunching  Ccin  increase  the  radiation  growth  rate  manyfold  as  com¬ 
pared  with  a  system  without  prebunching. 
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1  INTRODUCTION 


Experimental  and  theoretical  studies  [l]  of  prebunching  in  free  electron  lasers 
(FELs)  are  normadly  carried  out  in  the  low  gain,  single  particle  (Compton) 
regime  applicable  to  very  short  radiation  wavelengths  (visible  and  ultraviolet) 
where  electron  beam  energies  in  excess  of  several  hundred  MeV  are  used. 
In  contrast,  our  experiments  [2j  are  made  at  microwave  frequencies  using 
mildly  relativistic  electrons  (-^  200  keV).  In  this  collective  (Raman)  regime, 
the  gains  are  high  and  the  effects  of  space  chau-ge  cannot  be  neglected.  We 
find  that  prebunching  increases  the  growth  rate  of  the  radiation  dramatically 
as  compared  with  the  case  where  prebunching  has  not  been  incorporated.  In 
this  paper  the  experiments  are  compared  with  computer  simulations  and 
good  agreement  is  obtained.  In  addition,  a  simple  analytic  theory  is  given. 

2  EXPERIMENTAL  ARRANGEMENT 

Fig.  1  shows  a  schematic  of  our  experiment.  The  accelerating  potential  is 
supplied  by  a  Marx  generator  (Physics  International  Pulserad  615  MR,  which 
has  a  maximum  capability  of  500  kV  and  4  kA).  The  electron  beam  is  gen¬ 
erated  by  a  thermionically  emitting,  electrostatically  focused,  Pierce-type 
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electron  gun  (250  kV,  250  A)  from  a  SLAC  klystron  (model  343).  An  as¬ 
sembly  of  focusing  coils  transports  the  electron  beam  into  the  drift  tube.  To 
ensure  good  electron  orbits,  an  aperture  is  inserted  which  limits  the  electron 
beam  radius  to  r;,  =  0.245  cm  so  that  only  the  inner  portion  of  the  beam 
is  used  .  With  this  precaution,  the  energy  spread  of  the  beam  entering  the 
magnetic  wiggler  is  A7||/7||  <  0.003  (7|j  =  [1  - 

The  gun  focusing  coils  guide  the  electron  beam  into  a  rectangular  (0.40” 
X  0.90”)  stainless  steel  e^’acuated  drift  tube  which  is  also  the  waveguide  for 
the  electromagnetic  radiation.  The  beam  is  contained  by  a  uniform  «udal 
magnetic  field  B||  that  has  a  power  supply  limited  maximum  of  7  kG. 

The  65  pc.iod  circularly  polarized  magnetic  wiggler  has  a  period  ~ 
3.5  cm,  a  maximum  amplitude  =  1.0  kG,  amd  is  generated  by  bifilar 
conductors.  Since  the  beam  aperture  limits  the  size  of  the  beam  to  % 
0.07,  the  wiggler  field  is  close  to  that  of  an  ideal  wiggler.  At  the  wiggler 
entrance  a  slowly  increasing  field  amplitude  is  produced  by  resistively  loading 
the  first  six  periods  of  the  wiggler  magnet. 

The  2.7  m  long  drift  tube  acts  as  a  rectanguleu'  waveguide  whose  funda¬ 
mental  T Eio  mode  has  a  cutoff  frequency  of  wd^tr  =  6.6  GHz.  Microwaves 
are  launched  onto  the  electron  beam  by  a  waveguide  coupler  (sec  Fig.  1). 
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All  our  measurements  are  carried  out  at  frequencies  between  9  and  11  GHz. 
At  these  frequencies  the  empty  waveguide  can  support  only  the  fundamental 
(T£io)  mode,  all  higher  modes  being  evanescent. 

Monochromatic  radiation  as  high  as  20  kW  is  injected  into  the  interaction 
region  via  the  directional  coupler.  At  low  power  levels  (<  10  W)  we  use  a 
CW  traveling  wave  tube  as  the  input  source.  At  higher  power  levels  we  use 
a  pulsed  (~  1/is)  magnetron  driver.  Because  of  the  low  conductivity  of  the 
stainless  steel  waveguide,  there  is  an  RF  power  loss  of  ~  0.9  dB/m,  or  a  3 
dB  loss  over  the  entire  system  length. 

3  MEASUREMENTS 

The  interaction  space  is  divided  into  two  roughly  equal  lengths  by  means  of 
a  tungsten  mesh  stretched  across  the  waveguide  (see  Fig.  1)  and  placed  at 
an  axial  distance  2  =  2*  ~  115  cm  from  the  wiggler  entrance.  The  mesh  is 
almost  totally  transparent  (~  94  percent)  to  the  electron  beaim  generated  to 
the  left  of  the  mesh,  but  highly  reflecting  to  the  electromagnetic  radiation 
incident  upon  it.  Thus,  the  left-hand  side  can  be  viewed  as  the  prebunching 
region  where  spatially  growing  bunches  are  induced  by  the  conventional  FEL 
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mechanism.  The  bunched  beam  then  traverses  the  mesh  almost  unhindered 


and  immediately  interacts  with  the  weak  electromagnetic  wave  that  has  been 
allowed  to  pass  through  the  mesh.  (The  mesh  attenuation  of  the  wave  in¬ 
cident  from  the  left  equals  20.0  dB.)  Beyond  the  mesh  the  electromagnetic 
wave  grows  spatially,  and  additional  bunching  also  .iccurs.  In  this  region, 
an  enhanced  wave  growth  rate  is  expected,  because  the  electrons  enter  pre¬ 
bunched.  The  use  of  the  mesh  rather  than  an  RF  attenuator  of  finite  axial 
extent,  as  is  common  in  TVVT’s  [3],  minimizes  the  possibility  of  debunching 
with  distance,  as  may  well  occur  as  a  result  of  space  charge  repulsion  and/or 
Landau  damping  of  the  pondermotive  wave. 

At  the  output  end  of  the  wiggler,  a  mica  window  transmits  the  linearly 
polarized  radiation  generated  in  the  drift  tube,  where  it  is  measured  by  means 
of  standard  calibrated  crysttd  detectors.  In  order  to  determine  the  growth 
rate  of  the  wave,  the  output  intensity  must  be  measured  as  a  function  of  the 
length  of  the  interaction  region.  This  is  accomplished  by  means  of  an  axially 
movable  horseshoe  “kicker”  magnet  that  deflects  the  electron  beam  into  the 
waveguide  wall  at  any  desired  position  z,  thereby  terminating  the  interawrtion 
at  that  point.  The  position  z  can  be  chosen  to  be  to  the  left  or  to  the  right 
of  the  tungsten  mesh  (situated  at  2  =  z*  ~  115  cm). 
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Fig.  2  shows  how  the  RF  power  output  P  measured  at  the  far  downstrecim 
end  varies  with  the  “kicker”  magnet  position  z,  for  two  different  values  of 
the  wiggler  strength  .A.s  a  result  of  prebunching,  we  see  that  to  the  right 
of  the  mesh  the  power  rises  much  more  rapidly  with  z  than  to  the  left  of  the 
mesh.  The  phenomenon  is  quite  dramatic.  For  example,  in  the  c&sc  of  the 
5u,  =  188  G  wiggler  field,  the  radiation  growth  rate  r(z  <  z’)  =  (1/ P)dPfdz 
equals  6.9  dB/m,  whereas  to  the  right  of  the  mesh,  T{z  >  z’)  =  32  dB/m. 
Note,  however,  that  for  our  parameters  the  gain  G,  namely  the  ratio  of  total 
output  power  to  the  total  injected  power  (at  z  =  0),  is  somewhat  less  relative 
to  what  G  would  have  been  in  the  absence  of  the  mesh.  The  rezison  is  the 
20  dB  loss  due  to  the  mesh  which  has  not  been  made  up  by  the  increased 
growth  rate  F  at  z  >  z*. 

Fig.  3  shows  how  the  power  P{z)  varies  with  z  for  three  different  values 
of  the  input  power  rzmging  from  0.3  to  40  W.  The  wiggler  strength  is 
the  same  for  all  three  values  of  P,„.  It  is  seen  that  the  growth  rate  F  (given 
by  the  slopes  of  the  oirves)  are  virtually  independent  of  the  input  power. 

Fig.  4  illustrates  the  time  history  of  our  FEL  as  observed  on  an  oscil¬ 
loscope  screen.  Since  our  Marx  accelerator  has  an  RC  droop,  the  electron 
beam  energy  sweeps  through  a  range  of  values  as  seen  in  Fig.  4a.  Thus,  in 
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a  single  shot  one  observes  the  entire  range  of  FEL  interactions  &s  a  function 
of  electron  beam  energy.  Fig.  4b  shows  how  the  power  output  varies  with 
beam  energy  a.t  z  <  z'  when  a  monochromatic,  CW  signal  is  injected  into  the 
interaction  region  via  the  wave  launcher  (see  Fig.  1).  .A.mplification  occurs 
at  a  time  during  the  voltage  pulse  corresponding  to  the  resonant  intereaction 
between  the  injected  electromagnetic  wave  amd  the  slow  (negative  energy) 
space  charge  wave  on  the  beam.  At  a  later  time  wave  daunping  is  seen  to 
occur  corresponding  to  the  interaction  between  the  electromagnetic  and  fast 
(positive  energy)  space  charge  wave.  Fig.  4c  shows  the  behavior  to  the  right 
of  the  mesh  z  >  z' .  We  see  that  the  absorption  dip  in  Fig.  4b  now  appeau-s 
as  a  gaun  peak  in  4c. 

4  THEORY  AND  SIMULATIONS 

.A  simulation  code  which  will  be  described  in  an  upcoming  paper  [4]  is  used 
to  simulate  the  experiments.  The  computer  code  utilizes  an  extended  one  di¬ 
mensional  model  to  track  the  nonlinear  electron  motions  in  the  (7,'0)  space. 
Instead  of  aissuming  a  helicad  wiggler  field  with  constant  amplitude,  the  code 
includes  Bessel  functions  in  the  wiggler  field  to  generate  more  realistic  elec- 
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tron  orbits.  The  presence  of  an  a.KiaJ  nnagnetic  field  and  RF  space  charge  are 
also  included.  The  signal  power  is  then  given  by  the  self-consistent  coupling 
between  the  electron  beam  and  the  fundamental  TE\q  mode. 


Figs.  5  and  6  show  the  computer  simulations  of  the  experimental  results 
shown  in  Figs.  2  and  3a.  The  simulations  and  the  experiments  can  be  seen 
to  be  in  good  agreement.  Fig.  7  shows  the  simulations  of  the  experimentad 
results  shown  in  Figs.  4b  and  4c.  The  simulations  show  that  the  absorption 
dip  in  the  prebunching  section  turns  into  a  gain  peak  in  the  section  to  the 
right  of  the  mesh,  just  as  observed  in  the  experiments. 

The  dramatic  increase  in  the  radiation  growth  rate  F  is  a  direct  result 
of  prebunching.  But  in  order  to  understand  the  phenomenon  quantitively, 
a  simple  anailytic  theory  is  derived.  This  theory  will  then  be  shown  to  give 
results  that  are  in  excellent  agreement  with  simulations. 

Before  the  equations  of  motion  are  stated,  it  is  convenient  to  introduce 
the  dimensionless  field  variable 

a  =  - — e*, 

mc^/e 

where  4>{z)  is  the  phase  shift  due  to  the  FEL  interaction.  P  is  the  RF  power 
and  Zq  =  ypo/^o  >s  the  characteristic  impedance  of  vacuum.  An  appropriate 
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length  scale  is  defined  as 


<:?  = 


u; 


ck^ab' 


(2) 


where  a  and  b  are  the  linear  dimensions  of  the  rectangular  waveguide,  w  the 
radiation  frequency  and  k,  the  axial  wave  number. 

The  general  equations  of  motion  [4]  hold  in  both  sections  to  the  left  and 
to  the  right  of  the  mesh.  For  simplicity  and  clarity  these  equations  are 
written  in  complex  forms  in  terms  of  the  relativistic  energy  factor  7j  and  the 
normalized  axial  i3]|j  and  transverse  8j_j  velocities  of  the  jth  particle  as, 
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u?po  is  the  nonrelativistic  plasma  frequency, 
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(6) 


with  I  as  the  beam  current,  r*  the  beam  radius  and  =  l7kA  the  Alfen 
current;  the  space  charge  reduction  factor  f,^  ~  0.5  [4]  for  the  parameters  of 
our  experiments. 

First  we  consider  the  section  to  the  left  of  the  mesh  (z  <  ;*)  where  normal 
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FEL  interactions  with  no  prebunching  take  place.  For  simplicity  a  cold  beam 
is  assumed.  The  lineariaation  proceeds  by  defining 


A/c  =  k^  +  kt - 

(7) 

1,  =  70  +  hj, 

(8) 

dj  ~  6j0  +  AA;2  +  89 

(9) 

Cl 

(10) 

"  =  SI' 

n 

c^{K.  +  k,y 

(11) 

Ak  is  the  detuning  parameter;  c/3||o  is  the  initial  axiad  velocity;  70  is  the 
initial  energy  and  6jq  is  the  initial  phase  of  the  jth  electron.  It  follov's  that, 


at  2  =  0,  =  86 j  —  0. 

With  the  injected  beam  unbunched,  the  zero’th  average  vanishes, 


«(tfo+aAi) 


(12) 


and  the  linearized  equations  are 
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dSBj 

dz 

da 

dz 


2/3||o 

90\\o 


T7||  +  C.C., 


c/3||o  ^ 


0\\o  ' 


(13) 

(14) 

(15) 
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Exponential  forms  for  the  perturbations  are  then  assumed. 


Si:  =  (16) 

9 

66,  =  +e.c.,  (17) 

4 

a  =  y:d,e•“•^  (18) 

4 

Substituting  the  perturbations  in  Eqs.  (16)-(18)  into  Eqs.  (13'-(15)  yields 
the  dispersion  relation 


a.  +  ICika,  +  ( Afc  -  ^  ^ 


C=/3>/8A|o 


=  0 


(19) 


For  peak  gain  in  the  Raman  regime,  AA:  >>  a,;  therefore  the  term  in  the 


dispersion  relation  can  be  ignored. 

We  now  turn  our  attention  to  the  section  to  the  right  of  the  mesh  (2  >  2  ), 
the  section  that  starts  with  a  prebunched  beam.  The  co-ordinate  system  is 
redefined  as  2'  =  2  -  2%  2*  being  the  location  of  the  mesh.  As  before  the 

linearization  proceeds  by  defining 


Ij  =  lo  +  Sij,  (20) 

6'^  =  6',0-h^kz' +  S6'j,  (21) 

where  6'^^  =  + AfczV  Afc,7o,  and  6jo  are  defined  to  be  the  same  quantities 

used  earlier  when  the  prebunching  section  is  considered.  70  and  6,0  here  are 
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not  the  energy  and  pha^e  of  the  jth  electron  at  z'  =  0.  Instead  they  are 
the  energy  and  phase  of  the  jth  electron  there  if  no  FEL  interaction  (i.  e. 
prebunching)  has  taken  place  in  the  section  to  the  left  of  the  mesh.  Therefore 
7o  and  S'^q  do  not  contain  any  information  about  prebunching.  Instead  the 
crucial  information  is  contained  in  the  and  89'^  terms  at  z'  =  0.  Here, 
SYj  ^  0  and  S6j  ^  0  at  =  0,  in  contrast  to  —  SBj  =  0  at  z  =  0. 

The  perturbations  are  defined  to  have  exactly  the  same  forms  M  those  in 
Eqs.  (16)-{18). 


j 

(22) 

=  y;  ^  c.c., 

$ 

(23) 

t 

a 

(24) 

Since  OjQ  does  not  contain  any  information  about  prebunching,  the  zero’th 
average  again  vanishes, 

.\s  a  result,  the  linearized  equations  of  motion  are  the  same  as  those  in  Eqs. 
(i3)-(15)  with  the  unprimed  v-ariables  turned  into  primed  variables.  The 
constants,  Ak,  /S^oi  «^d  /3|jo,  are  the  same  in  both  sets  of  equations.  With 
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the  further  assumption  that  the  mesh  is  totally  transparent  to  the  electron 
beam,  parameters  tjh  and  t}  also  remain  unchanged.  Having  the  same  set 
of  equations  of  motion  with  identical  perturbation  forms  assumed  as  before 
leads  one  to  conclude  that  the  dispersion  relation  in  Eq.  (19)  also  holds 
in  this  section.  In  another  words  a,  =  a'^.  The  field  growth  rates  a,  of 
the  individucil  modes  are  the  same  in  both  sections  independent  of  whether 
the  beam  is  prebunched  or  not.  What  does  change  are  the  initial  relative 
amplitudes  associated  with  each  of  the  modes.  It  will  be  shown  later  in 
the  paper  how  this  statement  is  consistent  with  the  overall  increase  in  the 
radiation  growth  rate. 

The  tungsten  mesh  attenuates  the  field  by  a  factor  of  A  and  leaves  7^  Jind 
dj  unchanged.  In  the  experiments  A  =  10.  By  equaling  the  field  eind  particle 
variables  just  to  the  left  and  to  the  right  of  the  mesh,  one  finds 


$ 

A 

(26) 

$ 

M 

(27) 

(28) 

J  J 


6~f^  and  69 J  can  be  expressed  in  terms  of  a,,  likewise  ^7,  and  66^  can  be 
expressed  in  terms  of  a,,  a'  can  then  be  solved  in  terms  of  a,. 
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For  an  free-electron  laser  operating  at  peak  gain  in  the  Raman  regime,  s 
runs  from  1  to  2,  corresponding  to  the  two  complex  conjugate  waves.  Eqs. 
{26)-(28)  reduce  to 


E-'.  = 


j=i 


.-i 

2  ~ 

E  * 


*=i 


a. 


with  csi  =  iQ  and  aj  =  —iQ  where  Q  is  read  and  positive. 
In  the  section  to  the  left  of  the  mesh  {z  <  2*),  the  field 


(29) 

(30) 


can  be  written  as 


a  =  aocosh  Qz, 


(31) 


or  in  another  form, 


a  = 


(32) 


Solving  Eq.  (29)  and  Eq.  (30)  for  a'  gives  the  field  to  the  right  of  the 
mesh  {z  >  z'), 


a  =  ao( 


cosh  Qz*  cosh  Qz' 
A 


+  sinh  Qz*  sinh  Qz'), 


(33) 


or  in  another  form, 


=  ?{ 


»«■  + 


J(i  -  1)=«-  +  +  1) 


(34) 
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As  illustrated  in  Eq.  (32),  the  field  starts  out  with  equal  amplitudes  in 


both  the  growing  and  decaying  modes  in  the  prebunching  section.  After 
the  radiation  passes  through  the  mesh,  the  relative  amplitudes  between  the 
tw’o  modes  shift  as  illustrated  in  Eq.  (34)  while  the  growth  rates  in  respec¬ 
tive  modes  remain  unchanged.  It  ran  easily  be  proved  that  the  overall  field 
timplitude  growth  rate 


1  da'  1  da 
a'  dz  a  dz 


for  <dl  z 


(35) 


as  long  as  ,4  >  1.  This  increase  in  the  overall  field  growth  rate  is  therefore 
accounted  for  not  by  the  increase  in  the  growth  rates  in  individual  modes 
but  by  the  shifting  of  the  relative  amplitudes  between  them.  On  the  other 
hand  it  can  also  be  shown  that  a'  <  a.  In  fact 


-<^(-  +  1)  for  all  z.  (36) 

a  2  A 

In  conclusion  even  the  dramatic  increase  in  the  overall  radiation  growth 
rate  cannot  compensate  for  the  mesh  attenuation,  amd  there  is  always  an 
reduction  in  overall  gain  G  when  this  prebunching  scheme  is  employed.  Fig. 
8  shows  the  excellent  match  between  analytic  results  and  simulations. 

The  case  for  an  free-electron  laser  operating  at  peak  gain  in  the  collec¬ 
tive  Raman  regime  is  considered  above,  but  the  theory  can  also  be  applied 
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to  parameter  regions  besides  peak  gain  and  to  the  single  particle  Compton 
regime.  Phase  shift  caused  by  the  mesh  or  introduced  externally  can  also  be 
taken  into  account  by  letting  .4  be  complex, 

A  =  where  A9  is  the  phase  shift.  (37) 

5  DISCUSSION 

We  have  reported  on  the  effects  of  prebunching  in  a  Rziman  free-electron  laser 
amplifier,  and  observed  large  enhancements  in  the  single  pass  growth  rates 
r.  Most  of  the  observations  were  made  using  RF  drivers  that  operate  either 
CW  or  with  microsecond  long  pulses.  To  verify  that  the  measurements  of 
r  indeed  represent  single  pass  gain  and  are  not  marred  by  reflections  (due 
to  the  presence  of  the  mesh,  for  example)  we  also  carried  out  a  series  of 
measurements  in  which  the  pulse  length  (~  5  ns)  of  the  RF  input  was  shorter 
than  the  round-trip  pass  through  the  system. 

To  the  left  of  the  mesh  [z  <  2*),  the  system  behaves  as  one  would  expect 
from  a  conventional  FEL  operating  in  the  Reiman  regime.  Thus,  when  the 
wiggler  field  strength  is  increased  from  66  to  188  G  (Fig.  2),  the  growth 
rate  r(2  <  z')  increased  from  2.4  to  ~  6.9  dB/m,  which  shows  that  r(z  < 
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c*)  cx  J?u,,  in  agreement  with  expectations.  Also  r(r  <  ’*)  is  found  to  be 
independent  of  the  input  power  (Fig.  4)  for  sufficiently  low  input  powers, 
such  that  nonlinear  pheonomena  are  unimportant.  This  is  in  agreement  with 
conventional  FEL  theory. 

To  the  right  of  the  mesh  t;  >  ;')  the  situation  is  different.  When 
is  increased  from  66  to  188  G  (a  factor  of  2.9),  r(z  >  z*)  increases  from 
6.3  to  32  dB/m  (a  factor  of  5.1).  However,  it  is  noteworthy  that  the  overall 
gain  G  of  the  system  is  less  than  what  it  would  have  been  in  the  absence  of 
the  mesh  (i.  e.  prebunching).  Thus,  our  experimental  configuration  is  useful 
primarily  not  to  increase  gain,  but  to  suppress  parasitic  oscillations  ais  is 
common  practice  in  traveling  wave  tube  (TWT)  amplifiers  [3]. 

The  experimental  observations  reported  in  this  paper  are  fully  substanti¬ 
ated  by  computer  simulations  and  analytic  studies.  Although  we  have  treated 
only  the  cold  electron  beam  case  analytically,  it  can  be  extended  to  warm 
beams  and  the  single  particle  (Compton)  regime. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  of  the  experimental  setup. 

Fig.  2.  RF  power  output  as  a  function  of  interaction  length,  for  two  different 
wiggler  field  amplitudes  RF  power  input  3  W;  RF  frequency  10.5 
GH2;  electron  beam  energy  170  keV;  electron  beam  current  1  A; 
ajcijil  guide  magnetic  field  R||  =  1.63  kG. 

Fig.  3.  RF  power  output  as  a  function  of  interaction  length  for  three  differ¬ 
ent  \’alues  of  RF  input  power.  RF  frequency  9.3  GHz;  electron  beam 
energy  130  ke\';  electron  beam  current  ~  1  A;  wiggler  field  strength 
188  G;  axial  guide  field  B)|  =  1.63  kG. 

Fig.  4.  Typical  oscilloscope  traces  showing  (a)  the  beam  voltage,  (b)  the 
output  microwave  power  when  the  electron  beam  is  terminated  before 
the  mesh  (z  <  z')  and  (c)  when  it  is  terminated  after  the  mesh  (z  >  z’). 

Fig.  5.  Computer  simulations  of  the  experimental  results  shown  in  Fig.  2. 

Fig.  6.  Computer  simulations  of  the  experimental  results  shown  in  Fig.  3a. 

Fig.  7.  Computer  simulations  of  the  experimental  results  shown  in  Figs. 
-{b,c.  Note  that  in  making  the  comparison,  the  electron  beam  energy 
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in  Fig.  4  decreases  from  left  to  right,  which  is  opposite  to  the  plot 
shown  here. 

Fig.  8.  Comparsion  between  simulations  and  analv'tic  results. 
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Fig.  2  Wurtelc.Bekefi.Chu.Xu 
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Fig. 3  Wurtele,Bekefi  ,Chu,Xu 
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ABSTRACT 

We  report  measurements  of  the  spatial  distribution  of  the  RF  electric  field  intensities 
and  phases  induced  in  a  free  electron  laser  (FEL)  amplifier  operating  in  the  collective 
(RamEm)  regime.  The  studies  are  carried  out  at  a  microwave  frequency  of  ^10  GHz  -in  a 
FEL  using  a  mildly  relativistic  electron  beam  of  ^200  keV  energy  and  1  -  4  A  current. 
The  probing  of  the  ponderomotive  (space  charge)  and  the  electromagnetic  waves  is  accom¬ 
plished  by  means  of  small  movable  electric  dipole  antennas  inserted  into  the  interaction 
region. 
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1.  INTRODUCTION 


Free  electron  laser  (FEL)  amplification  is  the  consequence  of  a  resonant  interaction 
[l]  between  an  incident  electromagnetic  wave  amd  a  co-propagating  electron  beam  that  has 
been  injected  into  a  periodic  “wiggler”  magnetic  field.  This  can  lead  to  high  output  gain, 
and  high  efficiency  of  converting  electron  beam  kinetic  energy  into  radiation.  Remarkably, 
it  also  leads  to  large  phase  shifts  [2}-['t]  in  the  amplified  electromagnetic  wave.  Under 
proper  circumstances  this  phase  shift  can  have  a  sign  such  that  the  electromagnetic  wave 
is  refracted  towairds  the  axis  of  the  electron  beam  in  a  manner  somewhat  akin  to  the 
guiding  properties  of  an  optical  fiber.  Such  “optical  guiding”  [5j-[l0i  would  mitigate  the 
effects  of  diffraction,  and  thereby  allow  the  length  of  FEL  wigglers  to  exceed  the  Rayleigh 
range.  Long  wigglers  are  needed  if  free  electron  lasers  are  to  operate  either  in  the  vacuum- 
ultraviolet  or  at  high  efficiencies  in  the  infrared  wavelength  regime. 

It  comes  as  no  surprise  that  strong  FEL  activity  as  described  above  should  be  accom¬ 
panied  by  significant  modification  of  the  spatial  distribution  of  the  RF  fields  within  and 
in  the  immediate  vicinity  of  the  electron  beam.  To  be  sure,  one  way  of  confirming  optical 
guiding  is  by  observation  of  the  changes  in  the  transverse  spatial  profile  of  the  copropagat¬ 
ing  amplified  wave.  Such  field  probing  can  be  quite  difficult  at  short  wavelengths  (infrared 
and  visible).  However,  the  microwave  regime,  in  which  our  experiments  are  conducted, 
offers  a  relatively  simple  and  direct  way.  We  allow  small,  movable  electric  dipole  antennas 
to  traverse  the  waveguide  in  which  the  interaction  takes  place.  Using  antermas  sensitive 
to  different  polarizations,  we  are  then  able  to  distinguish  between  wave  types. 

There  are  two  major  wave  types  in  the  vicinity  of  the  bunched  electron  beam  to 
which  our  electric  dipoles  respond.  First,  there  are  the  electromagnetic  (solenoidal)  fields 
associated  with  the  growing  electromagnetic  wave  of  frequency  w  and  axial  wavenumber 
A:jj,  propagating  with  a  velocity  v„  =  (w/Jfc||)  >  c.  And  then  there  are  the  irrotational, 
quasi-electrostatic  fields  of  the  bunched  electron  beam  propagating  with  a  phase  velocity 
w/(/:j|  -f  k^)  approximately  equal  to  the  electron  beam  velocity  vj>  <  c  (fc®  =  2t^ is 
the  wiggler  wave  number).  In  the  case  of  tenuous,  highly  relativistic  beams  used  in  short 
wavelength  FELs,  the  contribution  of  the  space  charge  electric  field  to  the  overall  field 


<^6 


profile  is  usually  very  small.  However,  in  the  microwave  regime  where  often  high  current, 
mildly  relativistic  beams  are  employed,  the  contribution  from  the  space  charge  electric 
field  may  no  longer  be  negligible,  as  will  be  demonstrated  in  the  experiments  described 
below. 

In  section  2  of  this  paper  we  describe  the  experimental  arrangement.  In  section  3 
we  present  field  profile  measurements  (in  amplitude  and  phase)  associated  with  the  space 
chzu’ge  wave.  In  section  4  we  give  profiles  associated  primarily  (but  not  entirely)  with  the 
electromagnetic  wave.  The  observations  will  be  discussed  in  section  5. 

2.  EXPERIMENTAL  SET  UP 

Figure  1  shows  a  schematic  of  our  experiment.  The  accelerating  potential  is  supplied 
by  a  Marx  generator  (I-hysics  International  Pulserad  615MR)  which  has  a  maocimum  ca¬ 
pability  of  SOOkV  and  4kA.  Since  this  accelerator  does  not  use  a  pulse-forming  network, 
the  output  voltage  pulse  is  essentially  that  of  a  discharging  capacitor  bank  with  a  shimt 
adjusted  RC  time  constant  of  10  -  lOO/xsec.  The  electron  beam  is  generated  by  a  thermion- 
ically  emitting,  electrostatically  focused,  Pierce-type  electron  gun  (250  kV,  250  A)  from  a 
SLAG  klystron  (model  343).  An  assembly  of  focusing  coils  transports  the  electron  beam 
into  the  drift  tube.  To  insure  good  electron  orbits,  an  aperture  acting  as  an  emittance 
selector  is  inserted  which  limits  the  electron  beam  radius  to  rj,  =  0.245  cm  so  that  only  the 
inner  portion  of  the  beaim  is  used.  With  this  precaution,  the  energy  spread  of  the  beam 
entering  the  magnetic  wiggler  is  A7||/7||  <0.003  (7||  =  [l-vj|/c^]“'^)- 

The  gun  focusing  coils  guide  the  electron  beam  into  a  rectangular  (l.Ol  cm  x2.29  cm) 
stainless  steel  evacuated  drift  tube  which  is  also  the  waveguide  for  the  electromagnetic 
radiation.  The  beam  U  contained  by  an  uniform  axial  magnetic  field  Bj|  that  has  a  power 
supply  limited  maximum  of  7  kG  and  a  minimum  of  approximately  800  G.  Below  this  vaJue, 
beam  defocusing  and  deterioration  occur.  The  net  bezun  current  entering  the  maignetic 
wiggler  is  in  the  range  of  1-5  A.  The  65  period  wiggler  magnet  has  a  period  —  3.5  cm, 
a  maximum  amplitude  J5„  =  1,0  kG,  and  is  generated  by  bifilar  conductors.  Since  the 
beam  aperture  limits  the  size  of  the  beam  to  rb/lw  «  0.07,  the  wiggler  field  is  close  to 
that  of  an  ideal  wiggler.  That  is,  the  effects  of  the  radial  variation  of  the  wiggler  field 
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and  the  presence  of  the  off-axis  components  are  usually  small.  At  the  wiggler  entrance  a 
slowly  increasing  field  amplitude  is  produced  by  resistively  loading  the  first  six  periods  of 
the  wiggler  magnet  [11]. 

The  2.7  m  long  drift  tube  acts  as  a  rectanguljir  waveguide  whose  fundamental  TEio 
mode  has  a  cutoff  frequency  of  <jJcJ2'k  —  6.6  GHz.  Microwaves  are  launched  onto  the 
electron  beam  by  a  waveguide  coupler  (see  Fig.  1).  All  our  measurements  are  carried 
out  at  frequencies  between  9  and  11  GHz.  At  these  frequencies  the  empty  waveguide 
can  support  only  the  fundamental  (TEio)  mode,  all  higher  modes  being  evanescent.  The 
monochromatic  radiation  injected  into  the  system  is  provided  by  a  low  power  variable 
frequency  source  and  amplified  by  means  of  a  traveling  wave  tube  amplifier.  Typical 
power  inputs  into  the  FEL  are  in  the  1  -  10  W  range.  At  the  output  end  of  the  wiggler,  a 
mica  window  transmits  the  linearly  polarized  radiation  generated  in  the  drift  tube,  where 
it  is  measured  by  means  of  standard  calibrated  crystal  detectors. 

The  transverse  profile  of  the  RF  fields  is  studied  by  means  of  three  small  electric 
dipole  antennas  inserted  into  the  waveguide  as  is  illustrated  in  Figs,  1(b),  (c).  Two  of  the 
antennas,  inserted  through  stainless  steel  bellows,  are  movable  along  the  x  axis,  and  their 
positions  aire  precision  controlled  by  micrometer  screws.  The  third,  reference  antenna  is 
fixed  and  protrudes  slightly  into  the  waveguide  wall  as  is  seen  in  Figs.  1(b),  (c).  Each 
probe  has  a  length  of  0.1  cm;  cold  tests  show  that  the  probes  can  detect  RF  intensity 
Aviations  as  small  as  1%  over  distances  of  =;  0.05  cm.  The  signal  from  each  probe  is 
attenuated  by  a  variable  attenuator,  then  measured  by  a  calibrated  crystal  detector.  The 
outputs  from  the  crystal  rectifiers  are  then  displayed  on  fast  oscilloscopes.  We  note  that 
all  three  antennas  are  roughly  in  the  middle  of  the  wiggler  region  and  in  exactly  the  same 
transverse  plane,  z  »  115  cm  from  the  upstresun  end  of  the  wiggler. 

The  left  hand  movable  antenna  designated  in  Figs.  1(b),  (c)  by  /^(EM)  probes  the  y 
component  of  the  RF  electric  field  intensity,  as  does  the  reference  probe  /^(REF).  Cold  test 
carried  out  in  the  absence  of  the  FEL  interaction  show  that  the  /j,(EM)  probe  accurately 
maps  out  the  TEio  waveguide  mode  whose  electric  field  amplitude  is  shown  schematically  in 
Fig.  1(b),  and  is  given  by  the  familiar  expression,  Ey{x,i)  =  EoyCos[nx/a)cos{ut  -  fc||^), 
—a/2  <  X  <  a/2  where  a  =  2.29  cm  equals  the  length  of  the  wide  dimension  of  the 


68 


waveguide.  Therefore  the  probe  designated  /y(EM)  maps  out  primarily  the  RF  profile 
associated  with  the  electromagnetic  wave  launched  into  the  interaction  region.  The  fixed 
reference  probe  /y(REF)  likewise  measures  primarily  the  electromagnetic  field  intensity  of 
the  launched,  amplified  wave. 

The  right  hand  movable  anterma,  designated  /*(SC),  is  sensitive  to  the  x  component 
of  any  RF  electric  field.  Cold  tests  indicate  that  because  of  slight  misalignment,  a  small 
signal  due  to  is  nonetheless  present  on  this  probe.  However,  this  intensity  is  more 
than  25  dB  below  the  intensity  of  the  y  component  and  thus  causes  no  problems  in  the 
measurements  described  below. 

During  FEL  activity,  the  presence  of  x-directed  electric  fields  is  due  mainly  to  the 
quasi-electrostatic,  irrotational  fields  of  the  bunched  electrons,  whose  spatial  distribution 
is  illustrated  schematically  in  Fig.  1(c).  Higher  order  waveguide  modes  with  electric  field 
components  in  the  x  direction  could  also  be  present  during  FEL  activity,  but  caJculatiohs 
show  [12]  that  their  expected  amplitudes  are  very  small  compared  with  the  space  charge 
fields. 

In  addition  to  intensity  profiles,  we  have  abo  measured  the  profiles  of  the  RF  phase. 
This  is  accomplbhed  by  standard  interferometric  techniques  [2]-[4]  in  which  the  antenna 
signal  is  mixed  in  a  “magic  tee”  with  a  reference  signal  from  the  TWT  launcher. 

Typical  oscilloscope  traces  of  the  intensity  and  phase  are  illustrated  in  Fig.  2.  The 
FEL  is  fired  by  the  discharging  of  the  Marx  accelerator.  Because  of  an  RC  droop,  the 
beam  energy  falls  gradually  as  is  illustrated  in  Fig.  2(a).  Amplification  [Fig.  2(b)],  as 
measured  by  the  y-oriented  reference  probe  /y(REF)  occurs  at  a  beam  energy  for  which 
the  slow  (negative  energy)  space-charge  wave  on  the  beam  is  near  phase  synchronism  with 
the  electromagnetic  wave.  This  results  in  the  gain  peak.  The  gain  is  ~3  dB.  Later  in  time, 
at  a  lower  beam  energy,  one  observes  a  dip  corresponding  to  wave  absorption.  Here  the 
wave  energy  is  converted  to  electron  kinetic  energy,  as  is  known  to  occur  when  the  fast 
(positive  energy)  space-charge  wave  is  in  synchronism  with  the  electromagnetic  wave. 

The  resonance  relationship  between  the  guided  electromagnetic  wave  and  the  wave  on 
the  beam  is  given  by  the  well  known  expressions 

=  (1) 
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and 


w  =  (fc||  +  k^)0\\e  ±  (2) 

where  the  plus  sign  corresponds  to  the  fast,  positive  energy,  “passive”  space  charge  wave, 
and  the  minus  sign  corresponds  to  the  slow,  negative  energy,  “active”  space  charge  wave; 
cjf  =  +P2Wp/'y  is  the  effective  waveguide  cutoff  frequency  adjusted  for  the  presence  of 
the  electron  beam;  Wco  is  the  empty  waveguide  cutoff  frequency  {(in  our  case  the  lowest 
mode  of  a  rectangular  waveguide  (TEio)l;  =  2ir//„  is  the  wiggler  wavenumber;  = 
V||/c  is  the  normalized  axial  velocity  of  the  electron  beam,  amd  Wp  =  (JVe^/moeo)*’^^  is  the 
nonrelativistic  plasma  frequency.  The  relativistic  mass  increase  ^  =  l  +  eV’/moc^  measures 
the  beaim  energy;  4>  is  the  adjustment  [13]  to  the  plasma  frequency  due  to  the  combined 
wiggler  and  axial  magnetic  fields;  pi  is  the  reduction  in  the  plasma  frequency  that  results 
from  finite  radial  effects,  and  pj  is  the  electromagnetic  wave  energy  weighted  ratio  of  the 
electron  beam  cross-section  and  the  waveguide  area.  In  normal  operation  of  our  FEL, 
Pa  as  0.06  so  that  <*;<.  as  <jjco,  pi  as  0.5,  and  0  «  1. 

Fig.  2(c)  shows  the  corresponding  oscilloscope  trace  as  observed  with  the  space  charge 
probe  Jx(SC).  As  expected,  it  shows  maximum  activity  at  times  when  the  electromagnetic 
wave  interacts  either  with  the  slow  or  fast  space  charge  waves. 

Fig.  2(d)  shows  the  temporal  behavior  of  the  RF  phase  of  the  electromagnetic  wave. 
It  Is  noteworthy  that  maximum  phase  change  occurs  at  a  time  when  the  gain  is  close  to 
zero,  as  is  characteristic  of  FELs  operating  in  the  collective  (Raman)  regime  [2]. 

In  order  to  check  the  validity  of  these  results,  we  dump  the  electron  beam  into  the 
waveguide  walls  by  means  of  a  magnetic  kicker  placed  18  cm  upstream  of  the  probes. 
This  allows  the  FEL-induced  profile  modification  of  the  RF  field  to  convert  down  to  the 
fundamental  TE^o  mode,  and  null  signals  result  (the  higher  modes  excited  by  the  FEL 
interaction  are  evanescent  and  die  out  exponentially  within  1  or  2  waveguide  wavelengths 
from  the  kicker  position). 

The  experiments  described  below  are  carried  out  on  electron  beams  with  energy  rang¬ 
ing  from  150-170  keV  and  a  current  of  ~1  A.  The  axial  guide  magnetic  field  is  held  constant 
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at  1580  G.  The  wiggler  field  amplitude  is  set  at  one  of  two  values,  130  G  and  200  G.  The  RF 
input  signal  has  a  frequency  of  9.7  GHz  and  a  power  level  of  3  W.  With  these  parameters, 
the  FEL  operates  in  the  linear  regime  and  has  a  single  pass  gain  of  3  dB  at  the  axial 
position  2  «  115  cm  from  the  beginning  of  the  wiggler,  where  the  antennas  are  located. 

3.  SPACE-CHARGE  FIELD  PROFILES 

The  spatial  distribution  of  the  DC  current  density  J,(x,y)  of  the  electron  beam  is 
determined  by  using  the  space  charge  dipole  antenna  (designated  /x(SC)  in  Fig.  1)  as  a 
current  monitor.  This  is  accomplished  by  terminating  the  coaxial  cable  from  the  antenna 
with  a  50  Ohm  load  and  measuring  the  voltage  across  it.  Figure  3(a)  illustrates  the  current 
density  profile  J,(i,  0)  as  a  function  of  displacement  of  the  antenna  in  the  x  direction.  We 
see  that  the  full  width  of  the  distribution  at  half  maximum  is  ~5  mm,  and  equals  the 
diameter  of  the  emittance  selector  placed  upstream  from  the  wiggler.  Figure  3(b)  shows 
the  current  density  distribution  Jg  (0,  y)  as  a  function  of  displacement  in  the  y  direction. 
This  measurement  is  carried  out  by  holding  the  anteima  position  fixed  at  x  =  0,  y  =  0  and 
moving  the  entire  waveguide  in  the  y  direction  relative  to  the  stationary  electron  beam. 
This  determination  is  of  course  less  accurate  because  of  the  considerable  loss  of  symmetry 
caused  by  the  waveguide  displacement  relative  to  the  beam.  The  above  measurements  of 
the  beam  size  and  beam  center  are  needed  in  imderstanding  the  subsequent  RF  intensity 
profiles. 

To  use  the  space-charge  probe  Ix{SC)  for  the  measurement  of  the  RF  fields,  the  DC 
beam  current  is  shunted  to  ground,  the  RF  field  is  rectified  by  a  crystal  diode  and  then 
displayed  on  a  fast  oscilloscope.  Figure  4(a)  illustrates  how  the  electric  field  intensity 
/i(x,0)  of  the  space  charge  wave  varies  as  a  function  of  the  probe  displacement  in  the  x 
direction.  We  sec  that  /*(x,0)  is  zero  at  the  center  of  the  electron  beam,  is  maximum  near 
the  beam  edge  x  =  rj,  zmd  falb  off  rapidly  when  |x|  >  rj,,  in  agreement  with  the  expected 
behavior  of  the  irrotational  fields  produced  by  the  bunched  electron  beam.  Figure  4(b) 
shows  the  variation  in  /i(0,  y)  as  the  antenna  traverses  the  beam  center  in  the  y  direction; 
and  Ix{rb,  y)  gives  the  intensity  variation  as  it  traverses  the  beam  edge.  The  small  cartoons 
in  the  upper  right  hand  corner  illustrate  schematically  the  motions  of  the  space  charge 
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probe.  We  note  that  these  fields  exist  only  during  FEL  activity,  and  become  immeasurably 
small  when,  for  example,  the  wiggler  field  is  turned  off  or  when  the  resonance  conditions 
(1)  and  (2)  are  not  fulfilled. 

Combining  data  like  that  illustrated  in  Figure  4,  one  can  generate  a  two-dimensional 
plot  of  the  space  charge  field  intensity  profile.  This  is  shown  in  Figure  5. 

Since  the  space  charge  electric  field  points  radially  outwards  from  the  electron  beam 
center,  it  must  undergo  a  180“  phzise  change  in  traversing  the  center.  This  effect  is  illus¬ 
trated  in  Figure  6.  Figure  6(a)  shows  a  plot  of  the  phase  of  the  space  charge  wave  as  a 
function  of  time  during  the  falling  voltage  pulse  for  two  discrete  positions  of  the  antenna 
on  opposite  sides  of  the  centre  x  =  ±4  mm.  Figure  6{b)  gives  the  phase  as  a  function  of 
the  antenna  displacement  in  the  x  direction  at  a  time  during  the  pulse  when  the  phase 
change  is  mzocimum  (and  the  gain  is  near  zero).  It  shows  clearly  the  abrupt  phase  change 
when  the  beam  center  is  crossed.  This  correct  phase  behavior  also  lends  strong  support  to 
the  validity  of  the  observations  of  Figs.  2,  4  and  5,  when  the  antennas  are  used  in  intensity 
measurements. 


4.  ELECTROMAGNETIC  WAVE  PROFILES 

In  this  sec -ion  we  describe  intensity  and  phase  measurements  using  the  movable  an¬ 
tenna  Iy{EM]  of  Fig.  1.  This  antenna  is  oriented  orthogonally  to  the  space  charge  antenna 
Ix{SC)  of  section  3,  and  is  sensitive  to  electric  fields  Ej,  parallel  to  the  direction  y  of  the 
launched  TEic  electromagnetic  wave.  In  the  absence  of  FEL  activity  measurements  show 
that  Iy[EM)  varies  as  cos^{irxja)  in  accordance  with  expectations.  This  has  been  found 
to  be  so  both  ii.  the  absence  of  the  electron  beam  (cold  tests),  and  also  in  its  presence,  pro¬ 
vided  that  the  relevant  FEL  parameters  were  fax  removed  from  the  resonance  conditions 
(1)  and  (2). 

In  the  presence  of  FEL  activity  the  electric  field  intensity  profile  measured  with  zm- 
tenna  Iy{EM)  can  be  modified  by  one  of  two  effects:  optical  guiding  and  contribution 
from  the  ambient  space  charge  field  Ey[SC)  of  the  bunched  beam.  Figure  7  illustrates  the 
extent  to  which  the  RF  profile  is  altered.  In  plotting  the  percentage  chzmge  as  a  function 
of  displacement,  we  subtract  the  underlying  cos^{‘Kx/a)  variation. 
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The  very  substantial  changes  shown  in  Fig.  7  are  in  agreement  with  earlier  me?  • 
surements  [14].  There,  the  observations  were  attributed  to  optical  guiding.  However,  in 
view  of  the  now  available  space  charge  field  measurements  of  section  3  and  recent  theo> 
retical  input  [12],  [15]  the  earlier  interpretation  needs  closer  scrutiny.  The  point  is,  that 
the  Iy{EM)  probe  measures  a  signal  that  is  proportional  to  \Ey{EM)cos[ut  —  A:||z)  + 
Ey{SC)cos{ujt  —  (A:||  +  which,  after  time  averaging,  consists  of  a  sum  of  intensities 

Ey[EM)  +  Ey{SC)^  and  an  interference  term  2Ey{EM)Ey{SC)cos{ky,z).  And,  even  if 
Ey{SC)  a  E^{EM),  the  interference  term  can  produce  significant  profile  modifications. 

To  be  sure,  the  space  charge  electric  fields  sire  zero  at  the  electron  beam  center  and  are 
large  only  near  the  beam  edge  z  =  ±ri„y  =  ±r(,  (see  Figs.  1,  4  azid  5).  Also,  Ey{SC)  is  by 
symmetry  exactly  zero  along  the  z  axis.  Along  the  z  axis,  Ey(SC)  should  not  contribute 
to  the  overall  intensity,  were  it  not  for  the  fact  that  the  antenna  has  a  finite  lengt  h  in  the 
y  direction{~  1  mm)  and  it  can  therefore  pick  up  a  small  amount  of  y  component  of  the 
space  charge  electric  field.  As  a  result,  some  contribution  from  Ey(SC}  occurs  even  along 
the  z  axis. 

We  have  also  carried  out  a  series  of  measurements  with  the  purpose  of  determining  the 
relative  amplitudes  of  the  space  charge  and  electromagnetic  fields.  We  find  that  at  spatial 
positions  where  each  are  at  their  maximum,  the  ratio  Esc(^  =  ^b)/EEM{^  =  0)  «  0.2. 
This  yields  a  value  for  the  interference  term  whose  magnitude  is  not  inconsistent  with 
the  profile  modifications  shown  in  Fig.  7,  To  confirm  this,  we  displaced  the  antennas 
axially  by  exactly  half  a  wiggler  period  [such  that  =  z  +  /n;/2|  and  performed  a  profile 
scan.  The  result  is  illustrated  in  Fig.  8.  Comparing  Figs.  7  and  8  we  see  that  the  profile 
“flipped  over” ,  an  effect  which  must  be  attributed  to  a  sign  change  in  the  interference  term 
2Ey{EM)Ey{SC)coa{k^z).  A  scan  of  the  phase  shown  in  Fig.  S  exhibits  a  similar  effect. 

5.  DISCUSSION 

This  paper  is  an  experimental  study  of  the  quasi-electrostatic  and  electromagnetic 
fields,  and  their  relative  importance,  generated  during  FEL  aw:tivity.  The  experiments  were 
performed  in  a  Raman  free  electron  laser  under  conditions  where  the  collective  effects  due 
to  the  RF  space  charge  cannot  be  neglected. 
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Section  3  is  devoted  to  the  study  of  the  RF  intensity  and  phase  of  the  space  charge 
fields.  The  spatial  distribution  of  the  transverse  field  component  Ex{SC)  represents  essen¬ 
tially  the  fringe  fields  of  the  space  charge  bunches  generated  during  FEL  activity.  These 
fields  vanish  on  the  z  axis  and  are  antisymmetric,  as  is  clearly  demonstrated  by  Figs,  4,  5 
and  6. 

In  section  4  we  examine  the  transverse  spatial  profiles  of  the  electromagnetic  wave. 
The  observed  modification  (Fig.  7),  though  originally  believed  to  be  due  to  optical  guiding 
[14],  is  now  ascribed  to  the  presence  of  a  small  but  not  insignificant  contribution  from  the 
space  charge  fields  of  the  bunches.  The  space  charge  wave  travels  at  a  somewhat  slower 
speed  than  the  electromagnetic  wave  and  the  two  waves  are  phase-locked  to  one  another. 
This  gives  rise  to  wave  interference,  and  to  profiles  like  those  shown  in  Fig.  7.  A  dramatic 
example  of  this  interference  effect  is  illustrated  by  comparing  these  profiles  with  those  of 
Fig.  8,  which  were  measured  at  a  second  axial  position  Z  displaced  one  half  a  wig^er 
period  downstream.  Phase  measurements  of  Fig,  9  provide  additional  confirmation  of  the 
interference  phenomenon.  Any  true  optical  guiding  of  the  electromagnetic  wave  that  may 
be  present  is  masked  by  interference  effects  with  the  space  charge  wave. 

Interference  among  the  several  [15]  waves  generated  in  an  FEL  interaction  is  also 
believed  to  be  the  cause  of  the  following  interesting  effect  that  we  have  observed  in  the 
course  of  our  measurements.  Oscilloscope  traces  like  those  illustrated  in  Fig.  2(b)  exhibit 
an  overall  temporal  shift  as  a  function  of  the  transverse  position  z  of  the  antenna  used 
on  making  the  measurement.  This  is  shown  in  Fig.  10(a)  in  which  the  Iy{EM)  probe, 
positioned  at  different  transverse  positions,  is  used  in  the  measurement  of  the  RF  output. 
We  see  that  as  jz|  increases,  the  gain  peak  as  well  as  the  absorption  dip  move  to  later 
times,  that  is,  to  lower  elec  ’•on  beam  energies  7.  We  ascribe  this  to  wave  interference 
among  the  several  interacting  waves  [15]  each  characterized  by  slightly  different  detuning 
parameters  S{x)  =  w/uji  -  A:jj(z)  —k^  and  different  transverse  wave  profiles.  When  the  gain 
is  low  (—  3  dB),  as  it  is  in  our  experiments,  all  interacting  waves  carry  roughly  the  same 
weight.  The  observed  temporal  changes  can  be  translated  into  corresponding  changes  in 
the  beam  energy  parameter  -7.  This  is  illustrated  in  Fig.  10(b),  where  we  plot  the  beam 
energy  for  maximum  FEL  gain,  as  a  function  of  the  transverse  antenna  position 
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X. 


In  conclusion,  then,  the  experimental  observations  presented  in  this  paper  can  serve  as 
a  basis  for  a  detsuled  theoretical  study  of  profile  modifications  in  a  Ramam  FEL.  To  date, 
the  theoretical  analyses  are  in  qualitative  agreement  with  our  measurements.  However, 
there  are  large  numerical  differences.  For  example,  theory  predicts  [12]  that  the  ratio  of 
the  space  charge  to  the  electromagnetic  field  amplitude  is  ~  0.02  which  is  about  an  order 
of  magnitude  smaller  than  the  measured  ratio.  Similarly,  the  predicted  change  [15]  in  the 
temporal  pattern  as  a  function  of  transverse  position  x  is  much  smaller  than  that  obtained 
from  the  measurements  like  those  shown  in  Fig.  10. 
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FIGURE  CAPTIONS 


Figure  1  Schematic  diagram  of  the  experimental  arrangement  showing  the  placement  of  the 
probing  antennas. 

Figure  2  Oscilloscope  traces  of  (a)  the  beam  voltage;  (b)  RF  field  intensity  of  the  electromag* 
netic  wave;  (c)  intensity  of  the  space  charge  wave;  and  (d)  RF  phase  of  the  electro¬ 
magnetic  wave  (see  text).  The  straight  lines  in  (b),  (c)  and  (d)  are  traces  when  the 
beam  is  kicked  out  of  the  system  18  cm  upstre2an  from  the  antennas,  thereby  termi¬ 
nating  FEL  activity  at  that  point.  The  experimental  pzirameters  are;  B|j  =  1580  G; 
Bw  =  130  G;  u;/2x  =  9.7  GHz;  I  ^  1  A]  RF  power  input=  3  W. 

Figure  3  DC  current  density  profile  Jz{x,y)  of  the  electron  beam,  measured  at  the  position  of 
the  dipole  antennas. 

Figure  4  Transverse  field  intensity  profiles  of  the  space  charge  (ponderomotive)  wave  of  the 
bunched  electron  beam  at  a  time  of  maxlmim  FEL  gain.  The  cartoons  in  the  upper 
right  hand  corner  illustrate  the  directions  of  scan.  The  experimental  parameters  are 
the  same  as  in  the  caption  to  Fig.  1  except  that  B*  =  200  G,  /  os  4  A. 

Figure  5  Two  dimensional  presentation  of  the  transverse  field  intensity  profile  of  the  space 
charge  wave  at  a  time  of  maximum  FEL  gain.  The  experimental  parameters  are  the 
same  as  in  Fig.  4. 

Figure  6  Transverse  phase  profile  of  the  space  charge  wave  at  a  time  of  maximum  phase  change 
(a)  as  a  function  of  time  during  the  voltage  pulse;  (b)  as  a  function  of  antenna  position 
at  a  time  near  zero  gain  (see  text).  The  experimental  parameters  are  the  same  as  in 
Fig.  4. 

Figure  7  Two  dimensional  distribution  of  Iy[EM)  (the  normalized  electromagnetic  wave  in¬ 
tensity)  at  an  axial  position  a  115  cm  and  at  a  time  of  maximum  gain.  The 
experimental  parameters  are  the  same  as  in  Fig.  2. 

Figure  8  Two  dimensional  distribution  of  Iy{EM)  (the  normalized  electromagnetic  wave  in¬ 
tensity)  at  an  axial  position  z'  =  z  +  ly,j2  and  at  a  time  of  maximum  gain.  The 
experimental  parameters  are  the  same  as  in  Fig.  2. 

Figure  9  Phase  distribution  as  a  function  of  transverse  displacement  at  a  time  of  maximum 
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phase  change  (near  zero  gain)  at  (a)  z  —  115  cm  and  (b)  z'  =  ^  +  /w/2.  The  experi¬ 
mental  parameters  are  the  same  as  in  Fig.  2. 

Figme  10  (a)  Oscilloscope  traces  (cf  Fig,  2)  of  the  beam  voltage  and  of  the  intensity  Iy{EM)  for 
4  different  positions  x  of  the  probing  antenna,  showing  overadl  pattern  shift  to  lower 
voltages,  (b)  beam  energy  parameter  imax{x)  at  maximum  gain  as  a  function  of  the 
axial  displacement  x. 
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Project  Summary 


This  is  a  continuation  proposal  on  Microwave  Emission  from  Relativistic  Beams  for 
the  grant  period  of  November  1,  1990  to  October  31,  1991.  Below  we  summarize  the 
major  research  activities  supported  entirely  or  in  part  by  the  Air  Force  Office  of  Scientific 
Research. 

The  primary  objective  of  the  group  is  to  develop  a  basic  experimental  and  theoretical 
understanding  of  coherent  generation  by  free  electrons  for  wavelengths  in  the  Ifzm  to  10  cm 
range.  Particular  emphasis  is  placed  on  free  electron  lasers,  Cerenkov  sources,  relativistic 
magnetrons  and  other  novel  radiation  sources. 

The  principal  research  activity  described  in  this  proposal  is: 

(a)  Development  of  ultra-high-power  (~  lOOA/W'"),  high-frequency  (10-40  GHz)  co¬ 
herent  radiation  sources. 

(b)  Using  these  sources  to  power  high-gradient  accelerator  sections  for  use  in  the  next 
generation  of  rf  Linacs. 
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1.  The  MIT  35  GHz  Cyclotron  Autoresonance  Maser 
CARM  Amplifier 


We  have  now  successfully  completed  research  on  what  we  believe  is  the  first  CARM 
amplifier.  Power  levels  in  the  20  MW  regime  have  been  achieved.  Moreover,  excellent 
agreement  with  theory  is  obtained,  both  in  the  linear  and  nonlinear  regimes  of  operation. 
This  is  illustrated  in  Fig.  1.  Here,  the  solid  dots  are  from  measurements  and  the  curve  is 
from  a  3D  numerical  code  developed  at  M.I.T.  by  C.  Chen.  More  detail  on  the  experiment 
is  given  in  Appendix  1. 

The  experimental  work  was  carried  out  by  Anthony  DiRienzo  (a  graduate  student) 
and  will  soon  be  submitted  to  MIT’s  Physics  Department  in  partial  fulfillment  of  his  PhD. 
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POWER  GROWTH 
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Power  as  a  function  of  interaction  length  for  Group  1  wiggler  orbits. 

The  dots  are  from  measurements  and  the  curve  is  from  numerical  simulations 


2.  A  35  Ghz  UBITRON-FEL  AMPLIFIER 


This  high-efficiency  FEL  operates  in  the  presence  of  a  combined  axial  and  wiggler 
magnetic  field.  The  guide  magnetic  field  is  sufficiently  high  so  as  to  place  the  operating 
regime  in  the  region  in  which  interaction  with  a  space  charge  mode  occurs.  Here,  accord¬ 
ing  to  Freund  and  Ganguly,^  a  negative  mass  instability  is  excited,  leading  to  enhanced 
efficiency. 

Our  experimental  setup  is  illustrated  in  Fig.  2,  and  the  operating  parameters  are 
summarized  in  Table  1. 

Experiments  have  recently  begun  and  are  being  carried  out  by  Manoel  E.  Conde,  a 
graduate  student.  Figure  3  illustrates  some  of  our  initial  measurements.  It  shows  that 
the  power  increases  exponentially  with  axial  distance,  as  expected  from  theory.  The  mea¬ 
sured  growth  rate  is  approximately  30  dB  per  meter,  and  the  total  power  achieved  in  two 
polarizations  is  25  MW.  This  corresponds  to  an  efficiency  of  22%. 

Beginning  this  summer,  this  radiation  will  be  fed  into  a  ten-period  accelerating  section 
(see  Figs.  4  and  5)  loaned  to  us  by  the  Lawrence  Berkeley  Laboratory  (LBL).  It  was 
constructed  and  designed  by  Haimson  Associates  (cost:  $200,000),  With  the  available 
power  level,  we  expect  to  obtain  accelerating  gradients  of  approximately  100  MeV  per 
meter  length. 

In  the  future  we  plan  to  improve  the  power  output  from  our  FEL  by  increasing  the 
electron  beam  current.  We  hope  to  be  able  to  achieve  power  levels  in  excess  of  50  MW. 


Reference 

^A.  K.  Ganguly  and  H.  P.  Freund,  IEEE  Trans.  Plasma  Sci.  PS-16,  167  (1988). 
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SCHEMATIC  OF  THE  EXPERIMENTAL  SETUP 
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Magnetron 


PARAMETERS 


BEAM  ENERGY  0.8 

BEAM  CURRENT 

PULSE  LENGTH 

RADIUS  OF  ELECTRON  BEAM 

WAVEGUIDE  RADIUS 

AXIAL  MAGNETIC  FIELD  9.0 

WIGGLER  MAGNETIC  FIELD  1.0 

WIGGLER  PERIOD 

INPUT  POWER 


Table  1 


! 


-  1.1  MeV 
90  A 

30  ns 
0.25  cm 
0.51  cm 

-  12.6  kG 

-  1.8  kG 
3.18  cm 
13  kW 
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HIGH-GRADIENT  ACCELERATOR  TEST  ASSEMBLY 
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Figure 


3.  Basic  Studies  of  Micropulse  Evolution  and  Control 


Studies  of  the  evolution  of  the  FEL  signal  from  the  spontaneously  emitted  back¬ 
ground  noise  is  an  important  topic  in  FEL  research.  Below  we  summarize  our  recent 
observations  of  spiking  in  an  FEL  oscillator.  The  initial  observations  will  stimulate 
further  studies  of  this  phenomenon,  which  may  well  lead  to  methods  of  generating  and 
controlling  very  short  pulses  and  to  ways  of  mode  locking  FELs. 

Observations  of  spikes  In  the  radiation  power  growing  from  noise  in  a  free-electron 
laser  oscillator  are  reported.  These  spikes,  unlike  those  measured  in  previous  studies®" 
occur  well  before  saturation,  when  the  FEL  is  operating  in  the  small-signal  regime  (and 
therefore  they  are  not  generated  by  the  sideband  instability).  The  FEL  is  driven  by 
a  continuous  mildly  relativistic  electron  beam  (Feb  —  200/reV,  /  =  1A,t  =  25^s).  It 
oscillates  in  the  microwave  regime  (8-12  GHz)  in  a  ring  waveguide  cavity.  Periodic 
structures  of  spikes  were  observed.  The  width  of  each  spike  is  roughly  of  the  order  of 
the  slippage  time  (a  few  nanoseconds),  and  their  period  is  roughly  equal  to  a  round-trip 
time  in  the  ring  oscillator  (~40  ns). 

The  experimental  set-up,  shown  in  Fig.  6,  is  based  on  a  FEL  driven  by  a  Marx 
accelerator  without  a  pulse-forming  network.  It  produces  a  continuous  electron  beam 
of  ~1A  current  and  initial  energy  of  200  KeV.  The  e-beam  energy  decays  exponentially 
with  a  time  constant  of  25^s,  as  Feb  -  0.2exp(-t[/is]/25)  MeV.  A  bifilar  helical  wiggler 
is  used.  Its  parameters  are  Lvv  =  2m,  Aw  =  3.5cm,  and  Bw  =  250-600  G.  The  e 
beam  is  confined  to  the  axis  by  a  kG  focusing  solenoid.  The  FEL  operates  in  the 
microwave  regime  (8-12  GHz)  in  a  rectangular  waveguide  (WR90). 

The  FEL  oscillator  Is  set  up  by  connecting  the  output  port  to  the  input  port  with 
an  external  waveguide.  Hence,  a  ring  cavity  with  a  total  length  of  Lc  —  7.6m  is  formed. 
Figure  7  illustrates  the  observed  microstructure  and  8  shows  predictions  from  computer 
simulations.  These  preliminary  studies  have  been  submitted  to  Physical  Review  Letters 
and  are  described  in  more  detail  in  Appendix  2. 
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Figure  7 


The  origin  and  characteristics  of  the  observed  succession  of  spikes  will  be  studied 
further  and  their  relevance  to  mode  loci  Ing  will  be  investigated.  We  believe  that  this 
work  has  relevance  to  FEL  mode  control  and  to  methods  of  generating  very  short 
tunable  micropulses  in  free  electron  lasers.  We  expect  this  work  to  continue  for  the 
next  twelve  months  or  so. 
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Abstract 

Studies  of  a  cyclotron  autoresonance  maser  (CARM)  are  presented.  The  measurements  are 
carried  out  at  a  frequency  of  35  GHz  using  a  mildly  relativistic  electron  beam  (1.5  MeV,  300  A,  40 
ns)  generated  by  a  field  emission  electron  gun.  Perpendicular  energy  is  imparled  to  the  electrons 
by  means  of  a  bifilar  helical  wiggler.  Amplification  measurements  give  a  small  signal  growth 
rate  of  approximately  65  dB/m.  The  saturated  power  output  b  ~33  MW  and  the  corresponding 
electronic  efficiency  is  —7/5. 


Introduction 

The  cyclotron  autoresonance  maser  (CARM)  has  the  potential  of  becoming  an  interesting 
competitor  to  the  gyrotron  and  the  free  electron  laser  as  an  efficient,  high  power  electromagnetic 
source  of  millimeter  auid  submillimeter  wavelength  radiation.  Its  capabilities  are  being  studied 
theoretically  [1-14]  and  experimentally  as  an  oscillator  [15]  and  as  an  amplifier  [16-17].  This  paper 
b  a  continuation  of  our  earlier  studies  [1&-17]  of  the  CARM  amplifier  working  at  a  frequency  of 
35  GHz,  using  a  mildly  relativistic  electron  beam  with  energy  of  1.5  MeV  and  300  A  current. 
It  b  operated  both  as  a  superradiant  source  in  which  the  radiation  grows  exponentially  out  of 
nobe  with  a  growth  rate  of  45  dB/m,  and  also  as  an  amplifier  excited  by  a  high  power  magnetron 
driver  with  a  growth  rate  of  65  dB/m.  In  the  latter  case,  when  it  b  driven  to  saturation,  a  peak 
output  power  of  33  MW  and  a  corresponding  electronic  efficiency  of  7%  b  achiev:;d. 

In  addition  to  total  RF  power  measurements,  we  abo  studied  the  angular  dbtribution  of  the 
radiated  power.  We  find  that  in  the  amplifieir  configuration,  the  radiation  pattern  corresponds  to 
the  lowest  T£n  mode  of  excitation  of  our  cyclindrical  waveguide.  However,  in  the  superradiant 
configuration,  a  more  complicated  radiation  pattern  results,  suggesting  excitation  of  at  least  two 
waveguide  modes.  We  suspect  that  this  multimoding  is  the  cause  of  the  reduced  growth  rate  (45 
dB/m)  in  the  superradiant  configuration  as  compared  to  the  amplifier  case  (65  dB/m). 
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Experimental  Setup 


A  schematic  of  the  CARM  amplifier  is  shown  in  Fig.  1.  The  accelerator  potential  is  supplied 
by  a  Marx  generator  (Physics  International  Pulserad  110  A)  with  a  maximum  capability  of  1.5  MV 
and  20  kA.  The  electron  beam  is  generated  by  a  field  emission  gun  composed  of  a  hemispherical 
graphite  cathode  and  conical  anode,  which  also  acts  as  an  emittance  selector.  The  entire  two 
meter  long  system  is  immersed  in  a  solenoidal  magnetic  field. 

The  emittance  selector  removes  the  hot  outer  electrons.  The  remaining  300  A,  1.5  MV'^  beam 
Las  a  radius  of  0.318  cm  and  a  measured  [18]  normalized  beam  brightness  equal  to  2.8  x  10^  A 
cm“^rad"^.  This  corresponds  to  a  normalized  RMS  emittance  of  6.0  x  10~"  cm-rad  and  an  RMS 
energ}-  spread  A‘7j|/'/||  =:  0.019. 

The  electron  beam  is  injected  into  a  bifilar  helical  wiggler  which  imparls  perpendicular  energy 
to  the  electrons.  The  wiggler  has  a  periodicity  of  4.06  cm  and  is  6  1/2  periods  long.  Within  the 
first  5  1/2  periods  the  wiggler  magnetic  field  increases  slowly  and  thereby  provides  an  adiabatic 
input  for  the  electron  beam;  the  last  period  provides  a  uniform  wiggler  field  with  an  amplitude 
on  axis  equal  to  850  G.  The  resulting  transverse  electron  velocity  vj.  =:  0.3u,|.  Fig.  2  shows 
the  magnitude  of  the  wiggler  field  components  as  a  function  of  z.  The  downstream  end  of  the 
wiggler  is  terminated  abruptly  by  means  of  a  metal  shorting  ring  and  the  spinning  electrons  are 
allowed  to  drift  into  the  120  cm-long  CARM  interaction  region  where  they  are  subjected  to  the 
uniform  axial  magnetic  field  only.  In  this  region  the  axial  magnetic  field  is  typically  5.4kG  and 
corresponds  to  the  resonance  requirements  for  CARM  operation  at  35  GHz: 


Here  flo  is  the  nonrelativistic  electron  cyclotron  frequency,  /?j|  =  =  (l  -  = 

(1  —  —  vx/c.  a^nd  the  positive  sign  refers  to  the  sought  after  Doppler  upshifted 

CARNi  mode  of  operation. 

We  note  that  in  the  wiggler  region  the  axial  magnetic  field  is  such  that 

Do  <  fcu;V||7 

where  =  1.55cm“‘  is  the  wiggler  wavenumber  and  t>||  is  the  axial  electron  velocity.  This 
corresponds  to  the  so  called  Type  I  orbits.  This  configuration  differs  from  our  earlier  one  [16,17] 
in  which  flo  >  and  where  =  O.QOcm”*.  The  shorter  wiggler  periodicity  leads  to  smaller 

electron  excursions  and  thus  a  tighter  electron  beam.  This  greatly  facilitates  the  electron  beam 
alignment  in  the  cylindrical  drift  tube. 


ZfO  /  SPI£  Vat  1226  Intense  Microwave  and  Panicle  Beams  (1990) 


109 


o 

ji 

m 

m 


71 

S.4 


AXIAI  DISTANCE 


Fig.l  Schematic  of  the  CARM  apparatus 


AXlAt  DISTANCE  *  (cm) 

Fig.2  Wiggler  magnetic  field  components  Bj 
and  By.  Note  the  adiabatic  uptaper 
and  the  abrupt  cutoff. 


Radiation  Measurements 

The  CARM  has  been  operated  in  two  modes.  In  the  superradiant  inode,  the  signal  has  been 
allowed  to  grow  out  of  the  background  RF  noise.  In  the  second  mode,  it  operates  as  an  amplifier  of 
a  high  power  input  RF  signal  from  a  35GHz,  lOOkW  magnetron  driver.  In  both  cases  the  output 
signal  is  passed  through  a  band  pass  RF  filler,  centered  on  34.45GHz  and  with  a  bandwidth 
AJ5  of  2.4GHz,  before  detection  with  calibrated  crystal  detectors.  In  this  manner  all  extraneous 
signals  are  filtered  out.  In  the  amplifier  mode  the  signal  frequency  A/  *is,  of  course,  much 
narrower  than  AB,  and  is  typically  equal  to  the  bandwidth  of  the  magnetron  driver.  However,  in 
the  superradiant  mode,  the  signal  frequency  bandwidth  is  typically  the  CARM  gain  bandwidth 
which  is  considerably  greater  than  AB.  Using  the  filter  in  all  of  our  measurements  allowed  us  to 
make  meaningful  comparisons  of  the  gains,  growth  rates  and  radiation  patterns  of  the  amplifier 
and  superradiant  systems. 

In  order  to  determine  the  growth  rate  of  the  wave,  the  output  intensity  is  measured  as  a 
function  of  the  length  of  the  interaction  region,  z.  This  is  accomplished  by  means  of  as  axially 
movable  horseshoe  kicker  electromagnet  that  deflects  the  electron  beam  into  the  waveguide  wall 
at  any  desired  position  z,  thereby  terminating  the  interaction  at  that  point.  The  position  z  =  0 
denotes  the  end  of  the  wiggler  and  the  beginning  of  the  CARM  (wiggler  free)  interaction  region. 

In  the  superradiant  mode  we  measure  an  unsaturated  growth  rate  of  45  dB/m.  This  is 
shown  in  Fig.  3.  No  noticeable  radiation  was  present  in  the  wiggler  region  alone,  all  measureable 
radiation  was  due  only  to  interactions  within  the  CARM  region.  We  note  that  the  power  grows 
roughly  exponentially  with  the  distance  z  with  no  evidence  of  saturation.  This  lack  of  saturation 
is  not  surprising  since  the  CARM  signal  must  grow  out  of  a  low  power  noise  signal. 
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Fig.  4  shows  the  angular  scan  of  the  radiation  pattern  measured  in  the  E  plane  in  the 
(distant)  Fraunhofer  field  of  a  conical  horn  attached  to  the  cylindrical  waveguide  {horn  radius 
equals  3.3  cm).  Also  shown  for  comparison  is  the  angular  scan  of  the  magnetron  driver  radiating 
in  the  TFn  mode.  We  observe  a  central  maximum  and  a  very  large  side  lobe  at  an  angle  of  15°. 
This  suggests,  that  in  the  superradiant  configuration,  multimoding  b  taking  place.  Comparison 
with  the  radiation  pattern  from  the  magnetron  signal  alone  (no  electron  beam)  suggests  that  we 
are  observing  a  combination  of  the  radiation  from  the  lowest  TEn  waveguide  mode  which  has  a 
central  maximum  and  a  second  mode  (possibly  the  TAfoi  mode)  which  has  a  central  minimum 
and  a  large  off-axis  lobe. 

Utilizing  the  microwave  input  coupler  shown  in  Fig.  1,  a  linearly  polarized,  TEn  mode,  30 
kW^  input  signal  at  34.73  GHz  was  injected  into  the  CARM.  Fig.  5  shows  the  power  gain  as  a 
function  of  z  for  the  amplified  signal.  Saturation  occurs  after  60  cm  of  interaction  length  with  a 
gain  of  65  dB/m.  A  peak  power  of  33  MW  is  achieved.  In  order  to  insure  that  the  TEn  mode  of 
the  input  RF  signal  was  the  only  signal  amplified  and  that  no  satellite  modes  were  excited  by  the 
CARM  interaction,  an  angular  scan  of  the  power  output  was  obtained  and  compared  with  the 
radiation  pattern  for  the  magntron  alone.  This  is  shown  in  Fig.  6;  the  good  agreement  between 
the  two  radiation  patterns  confirms  the  fact  that  the  input  TEn  mode  only  is  indeed  amplified. 


2  (cm) 


Fig.3  Power  gain  for  the  superradiant  con¬ 
figuration  as  a  function  of  interaction 
length. 


Fig.4  Angular  scan  for  the  superradiant  con¬ 
figuration.  Open  circles  are  for  com¬ 
parison  to  the  TEii  mode  of  the  in¬ 
put  magnetron  signal  alone. 
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z  (cm) 


Fig.S  Power'  gain  for  the  amplifier  mode  as 
a  function  of  axial  distance.  Peak 
power  is  33MW. 


Fig.6  Angle  scan  for  the  amplifier  configu¬ 
ration.  Open  circles  are  for  the  input 
magnetron  signal  alone. 


Summary 

W'e  have  reported  our  recent  experimental  results  from  our  CARM  amplifier  experiments. 
We  have  redesigned  the  wiggler  region  so  as  to  obtain  a  tighter  beam  with  smaller  transverse 
electron  excursions  and  therefore  more  amenable  to  alignment  in  the  beam  transport  system  (the 
wiggler  operates  in  the  Type  I  electron  orbit  region). 

The  amplifier  operates  in  the  lowest  TEn  waveguide  mode,  a  fact  confirmed  by  angular 
scans  of  the  radiation  pattern.  The  single  pass,  small  signal  gain  is  65  dB/m.  The  saturated 
power  output  is  33  MW  corresponding  to  a  7%  electronic  efficiency. 

In  the  superradiant  configuration,  multimoding  (same  frequency,  different  wavenumber) 
seems  to  occur,  as  is  suggested  by  the  shape  of  the  measured  radiation  pattern.  The  observed 
reduced  growth  rate  (45  dB/m)  relative  to  the  amplifier  configuration  may  be  the  result  of  this 
multimoding.  It  is  noteworthy  that  a  sufficiently  powerful  input  signal  in  the  amplifier  configu¬ 
ration  apparently  supresses  multimoding. 
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Abstract 

Observations  of  periodic  intensity  bursts  from  a  free-electron  laser  oscillator 
operating  in  the  microwave  regime  are  reported.  Their  periodic  separation 
(~40  ns)  equals  the  radiation  round-trip  time,  and  their  width  is  approxi¬ 
mately  the  slippage  time  (—2-4  ns).  Unlike  previous  studies,  the  bursts  occur 
in  the  small  signal  regime,  near  oscillation  threshold.  The  observations  are 
compared  with  theoretical  results  from  an  impulse  response  model  of  the  free- 
electron  laser. 


^Permanent  address:  Faculty  of  Engineering,  Tel  Aviv  University,  Ramat  Aviv,  69978 
Israel. 


The  study  of  the  frequency  spectrum  and  temporal  evolution  of  electromagnetic 
pulses  in  lasers  is  a  subject  of  considerable  interest.  In  conventional  atomic  and  molec¬ 
ular  lasers  short  pulse  phenomena  have  been  known  for  many  years.  These  include 
the  nonlinear  phenomenon  of  self  (spontaneous)  spiking'  as  well  as  a  wide  range  of 
mode-locking  mechanisms^  and  soliton  formation.® 

In  free-electron  laser  (FEL)  oscillators,  radiation  bursts,  or  spikes,  as  they  are  of¬ 
ten  called,  have  been  studied  experimentally  and  theoretically  in  the  nonlinear  regime 
by  several  groups.'*” Their  appearance  comes  about  as  a  result  of  the  FEL  side-band 
instability  caused  by  electron  oscillations  in  the  potential  wells  of  the  ponderomotive 
wave.  In  contrast,  studies  in  this  letter"  deal  with  the  build-up  of  short  electro¬ 
magnetic  pulses  well  before  saturation  and  near  oscillation  threshold,  where  linear 
phenomena  dominate  the  interaction.  The  observed  spikes  have  a  temporal  separa¬ 
tion  corresponding  to  the  radiation  transit  time  (~40  ns)  in  the  cavity,  and  their 
widths  (2-4  ns)  are  believed  to  correspond  to  the  slippage  time  between  the  radiation 
pulses  and  the  electron  bunches.  Each  assembly  of  raicropulses  is  contained  within  a 
well-defined  “macropulse”  of  about  1/xs  duration.  Although  the  macropulses  occur  at 
random  times,  their  appearance  is  correlated  with  observed  random  current  spikes  in 
the  electron  beam. 

Figure  la  shows  a  schematic  of  our  experiment.'^  The  accelerating  potential  is 
supplied  by  a  Marx  generator  (Physics  International  Pulserad  615  MR).  The  electron 
beam  is  generated  by  a  thermionically  emitting,  electrostatically  focused,  Pierce-type 
electron  gun  (250  kV,  250  A)  from  a  SLAC  klystron  (Model  343).  An  emittance  selector 
is  used  to  limit  the  beam  current  to  ~1  A.  An  assembly  of  focusing  coils  transports 
the  electron  beam  into  the  rectangular  stainless  steel  drift  tube  (0.40"  x  0.90"),  which 
also  acts  as  the  waveguide  for  the  electromagnetic  radiation.  The  beam  is  contained 
by  a  uniform  1.6  kG  axial  magnetic  field  produced  by  a  solenoid. 

A  65  period  circularly  polarized  magnetic  wiggler  has  a  period  =  3-5  cm, 
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an  amplitude  =  200-400  G,  and  is  generated  by  bifilar  conductors. Since  an 
aperture  limits  the  size  of  the  electron  beam  to  ~  0.07/,u ,  the  wiggler  field  appears 
nearly  sinusoidal  to  the  drifting  electrons.  At  the  wiggler  entrance  a  slowly  increasing 
field  amplitude  is  produced  by  resistively  loading  the  first  sbc  periods  of  the  wiggler 
magnet. 

The  2.7  m  long  drift  tube  acts  as  a  rectangular  waveguide  whose  fundmental  TEio 
mode  has  a  cutoff  frequency  of  6.6  GHz.  The  drift  tube  closes  upon  itself  and  thereby 
forms  a  ring  cavity  7.6  m  in  length  (see  Fig.  la).  The  system  is  operated  in  a  frequency 
range  between  8  and  11  GHz.  At  those  frequencies  the  empty  waveguide  can  support 
only  the  fundamental  {T F'lo)  mode,  all  higher  modes  being  evanescent.  The  ring  cavity 
loss  is  5.5  dB.  The  single-pass  FEL  gain  varies  between  6  and  8.5  dB,  so  that  the  overall 
system  gain  is  less  than  3  dB.  It  is  in  this  low  net  gain  operating  regime  that  all  of 
our  measurements  are  carried  out,  and  where  the  periodic  rf  spikes  are  the  clearest.  In 
order  to  observe  the  rf  spikes,  the  radiation  field  of  the  ring  cavity  is  sampled  by  means 
of  a  20  dB  directional  coupler  and  then  measured  with  a  calibrated  crystal  detector. 

Figures  lb  and  Ic  illustrate  the  time  history  of  the  beam  energy  and  rf  power  as 
observed  on  an  oscilloscope  screen.  Since  our  Marx  accelerator  has  an  RC  drooo  with 
a  25  ^s  time  constant,  the  electron  beam  energy  sweeps  through  the  range  of  values 
illustrated  in  Fig.  lb.  Figure  Ic  shows  that  the  overall  rf  pulse  starts  ~7Ats  after  the 
Marx  ignition  and  lasts  typically  for  1  to  3  #is. 

Expanding  the  oscilloscope  time  scale  yields  the  observed  micropulses  shown  in 
Fig.  2a.  Placing  a  band  pass  filter  (9.6-10.2  GHz)  in  the  output  arm  of  the  direc¬ 
tional  coupler,  reveals  better  the  underlying  micropulse  structure,  as  illustrated  in 
Fig.  2b.  The  filtered  pulse  is  seen  to  be  composed  of  a  sequence  of  partially  overlap¬ 
ping  macropulses  with  random  start-up  times.  Each  macropulse  consists  of  a  series 
of  raicropulses  within  a  bell-shaped  macropulse  envelope.  The  distance  between  two 
successive  micropulses  is  36  ns,  which  is  the  ring  cavity  round-trip  time  of  a  micropulse 
with  a  center  frequency  of  /o  =9.6  GHz.  The  micropulse  width  is  2-4  ns,  and  no  signif¬ 
icant  broadening  is  observed  over  many  round-trips.  Filtering  the  feedback  signal  by 
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a  high-pass  filter  (/  >9.6  GHz.),  installed  in  the  return  leg  of  the  ring  cavity  {instead 
of  filtering  the  sampled  signal)  leads  to  similar  results. 

As  noted  above,  each  of  the  overlapping  macropulses  starts  at  a  random  time. 
However,  its  appearance  is  correlated  to  spikes  in  the  current  density  shown  in  Fig. 
2c.  The  current  density  is  measured  by  a  tmy  probe^^  partially  inserted  within  the 
electron  stream  and  placed  m  from  the  beginning  of  the  bifilar  helical  wiggler  (Fig. 
la). 

The  simplified  linear  model  of  the  FEL  oscillator  in  the  time  domain  discussed 
below  takes  into  account  both  the  statistical  features  of  the  electron  beam  and  the 
FEL  interaction.  Random  fluctuations  of  the  electron  beam  initiate  the  oscillation 
process.  They  are  described  by  a  shot-noise  model^^"^®  in  which  the  density  n,(t)  is 
given  by 

ni{t)  =  no-¥nn^6{t-ti),  (la) 

i 

where  are  random  times  distributed  with  a  uniform  density  A«;  consequently  — 
are  Poisson  impulses.  The  correlation  function  of  n,  (i)  is  therefore  given  by 

=  +  (16) 

In  what  follows  we  apply  the  shot-noise  model  to  the  current  spikes  shown  in  Fig.  2c, 
i.e.,  to  macroparticles  rather  than  to  single  electrons.  The  average  temporal  density  of 
the  spikes  is  Ae  ~  5/xs“^  as  evaluated  from  experiments. 

The  FEL  oscillator  is  modeled  as  a  cascade  of  FEL  blocks*^  as  shown  in  Fig. 
3.  Each  stage  I  in  the  cascade  represents  one  round-trip  time  r^,  where  Z>  is  a  delay 
element  equivalent  to  the  feedback  waveguide  section.  Each  FEL  block  (FEL^*^)  has 
two  inputs,  one  for  the  EM  wave  F,,  and  the  other  for  the  electron  beam  density 
fluctuations  n,-.  Due  to  the  voltage  droop  in  the  electron  beam,  each  FEL  block  has 
different  parameters  determined  by  their  instantaneous  values  at  t  =  /r^.  We  assume 
that  these  parameters  are  almost  stationary  during  one  round-trip.  The  round-trip 
period  is  updated  in  each  round-trip  according  to  the  instantaneous  center  frequency 


of  the  rf.  Linear  transfer  functions  define  the  relation  between  the  output  jPo(w)  and  the 
two  Independent  inputs,  £’,(w)  and  fW(w).  These  are  given,  in  the  frequency  domain, 
for  each  FEL  block  (/)  by 

4(w)|„.=0  =  (2<i) 

£,MU.=o  =  2l‘>(u.)n,M.  (26) 

The  transfer  functions  T£(uj)  and  Tn{<^)  are  found  from  the  gain-dispersion  equations 
for  the  pre-bunched  FEL.^® 

The  response  in  the  time  domain  of  the  FEL  oscillator  to  a  single  density  impulse, 
given  by  n(f)  =  no  +  n„6(t)  for  nr^  <  t  <  {n  +  l)ra,  is  found  by  an  inverse  Fourier 
transform  on  the  cascade  transfer  function 

=  0)  =  i  £  n  (3) 

The  intensity  of  the  impulse  response  =  0)P  is  computed  for  the  parameters 

of  the  FEL  used  in  the  experiment  and  is  shown  plotted  as  a  function  of  time  in  Fig.  4a. 
Figure  4b  shows  the  corresponding  frequency  sweep  due  to  the  change  in  accelerator 
voltage  shown  in  Fig.  lb.  The  first  micropulse  is  the  instantaneous  response  of  the  FEL 
to  the  electron  beam  impulse,  and  is  esentially  the  time-domain  representation  of  the 
FEL  spontaneous  emission  induced  by  the  density  fluctuations.  The  width  of  the  first 
micropulse  is  comparable  with  the  FEL  slippage  time,^*  ~  where 

Vg  is  the  radiation  group  velocity,  t;,  is  the  axial  electron  beam  velocity  and  is  the 
wiggler  length.  It  is  found  both  analytically  and  numerically  that  the  tendency  of  the 
micropulse  to  broaden,  due  to  the  waveguide  dispersion,  is  balanced  by  the  FEL  gain 
and  phase  shift.  Consequently,  the  micropulse  width  is  preserved  In  many  round-trips. 
This  confirms  our  experimental  results,  in  w'hich  no  significant  micropulse  broadening 
is  observed. 

The  theoretically  calculated  impulse  response  intensity  of  the  FEL  oscillator  shown 
in  Fig.  4a  is  quite  similar  to  the  bell-shaped  macropulses  measured  in  the  experiment, 
showm  in  Fig.  2b,  as  is  the  periodic  micropulse  structure. 
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In  conclusion,  we  have  reported  what  we  believe  are  entirely  new  observations  of 
an  FEL  operating  near  oscillation  threshold.  The  observations  show  that  the  radiation 
field  is  composed  of  bursts  with  a  periodic  substructure  correlated  to  bursts  in  the 
electron  beam  current.  These  studies  may  lead  to  a  better  understanding  of  the  FEL 
oscillator  start-up  phase  and  to  methods  of  generating  very  short,  tunable  micropulses 
in  free  electron  lasers. 
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Figure  Captions 


Figure  1  (a)  Experimental  arrangement  showing  the  ring  cavity  of  the  FEL 

oscillator;  (b)  and  (c)  are  typical  oscilloscope  traces  of  the  beam 
voltage  and  a  radiation  burst,  respectively. 

Figure  2  Expanded  oscilloscope  traces  of  typical  radiation  bursts  before  (a), 
and  after  (b)  filtering  (see  text);  (c)  typical  bursts  in  the  electron 
beam  current  density. 

Figure  3  Schematic  of  the  computational  model  of  the  FEL  oscillator. 

Figure  4  (a)  The  computed  impulse  response  of  the  FEL  oscillator  (to  be 

compared  with  the  experimental  result  in  Fig.  2b),  and  (b)  the 
corresponding  center  frequency  associated  with  each  pulse. 
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Fig. 3  Jerby,  Bekefi,  Hurteic 
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Project  Summary 


Microwave  Emission  from  Relativistic  Electron  Beams  represents  a  continuation 
proposal  under  the  aegis  of  the  AFOSR  for  the  grant  period  November  1,  1991  to 
October  31,  1992. 

The  primary  purpose  of  the  research  conducted  under  this  grant  is  the 
experimental  and  theoretical  study  of  novel  coherent  sources  of  millimeter  wavelength 
radiation.  During  the  forthcoming  year  we  propose  to  concentrate  on  the  following  two 
research  areas: 

1.  Further  improvement  of  a  novel  high  power  FEL  working  in  a  regime  that 
is  hitherto  been  unexplored. 

2.  A  continuation  of  our  studies  of  the  start-up  phase  of  a  FEL  oscillator. 
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1.  The  MIT  33.3  GHz  High  Power  Free  Electron  Laser  with 
Reversed  Guide  Magnetic  Field 


As  a  result  of  an  inadvertent  mistake  (serendipity?),  we  have  discovered  a  new 
regime  of  FEL  operation.  Normally  a  FEL  in  the  presence  of  a  combined  axial  and 
wiggler  magnetic  field  operates  in  a  way  in  which  the  cyclotron  motion  of  the  electrons 
in  the  guide  magnetic  field  reinforce  the  electron  motion  in  the  helical  wiggler  field. 
However,  because  of  the  forementioned  error  we  have  operated  our  FLL  in  a  way  in 
which  the  guide  magnetic  field  opposes  the  wiggler  field.  In  our  so-called  reverse  wiggler 
configuration  we  have  obtained  unprecedented  efficiency  and  high  power  output. 

The  experimental  set-up  is  illustrated  in  Fig.  1,  showing  the  position  of  the  guide 
magnetic  field,  the  wiggler  field,  and  the  microwave  diagnostics.  Table  I  gives  a  summary 
of  the  operating  parameters.  Table  II  lists  the  two  conventional  regimes  of  operation 
together  with  the  reversed  field  operation.  These  three  regimes  are  better  understood  by 
reference  to  Fig.  2  which  represents  a  plot  of  the  axial  electron  velocity  as  a  function  of 
the  axial  magnetic  field.  The  solid  dots  show  the  regions  of  operation.  Figs.  3,  4  and  5 
illustrate  the  measured  power  output  as  a  function  of  interaction  length  of  the  FEL  wiggler. 

It  is  noteworthy  that  the  highest  power  (65  MW)  and  the  highest  efficiency  (28%) 
were  obtained  in  the  reversed  field  configuration.  The  reason  for  this  highly  successful 
regime  or  operation  remains  as  yet  not  understood.  During  the  coming  year  we  plan  to 
do  a  detailed  theoretical  investigation  together  with  appropriate  three-oimensional 
simulations. 

In  addition  to  the  power  measurements,  we  have  also  carried  out  a  detailed  study 
of  the  spectral  characteristics.  The  experimental  set-up  is  illustrated  in  Fig.  6  and 
experimental  results  are  shown  in  Fig.  7.  We  note  that  the'  radiation  frequency  is 
centered  around  33.4  GHz  and  is  very  narrow-band  (less  than  80  MGz). 

During  the  coming  year  we  also  plan  to  investigate  in  further  detail  the  type  II 
regime,  in  particula'’the  negative  mass  regime  of  Freund  and  Ganguly.’  Wiggler  tapering 
for  increased  efficiency  is  also  contemplated. 


A.K.  Ganguly  and  H.P.  Freund,  IEEE  Trans.  Plasma  Science,  PS-16,  167  (1988). 
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SCHEMATIC  OF  THE  EXPERIMENTAL  SETUP 
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PARAMETERS  OF 
FEL  AMPLIFIER 


FREQUENCY 

33.38 

GHz 

BEAM  ENERGY 

800 

keV 

BEAM  CURRENT 

90  -  300  A 

PULSE  LENGTH 

30 

ns 

RADIUS  OF  ELECTRON  BEAM 

0.25 

cm 

WAVEGUIDE  RADIUS 

0.51 

cm 

AXIAL  MAGNETIC  FIELD 

4  -  11 

kG 

WIGGLER  MAGNETIC  FIELD 

0.6  -  1.5 

kG 

WIGGLER  PERIOD 

3.18 

cm 

INPUT  POWER 

17 

kW 

OUTPUT  POWER 

65 

MW 

EFFICIENCY 

28% 

Table  I 


134 


THREE  DIFFERENT  REGIMES  OF  OPERATION 
OF  A  FREE  ELECTRON  LASER  AMPLIFIER: 
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Table  II 


CALCULATED  IDEAL  ORBITS 


04 
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axial  field  (kG) 


REVERSED  FIELD  -  POWER  vs.  INTERACTION  LENGTH 


(m)  JSAiod 
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interaction  length  (c 


GROUP  I  -  POWER  vs.  INTERACTION  LENGTH 


GROUP  II  -  POWER  vs.  INTERACTION  LENGTH 


(MK)  JS-Avod 
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FREQUENCY  SPECTRUM  -  Reversed  Field  Regime 


2.  Observations  of  Periodic  Intensity  Bursts  during  the  Start-Up 
Phase  of  a  Free  Electron  Laser  Oscillator 

The  study  of  the  frequency  spectrum  and  temporal  evolution  of  electromagnetic  pulses 
in  lasers  is  a  subject  of  considerable  interest.  In  conventional  atomic  and  molecular 
lasers  short-pulse  phenomena  have  been  known  for  many  years.  These  include  the 
nonlinear  phenomenon  of  self  (spontaneous)  spiking’  as  well  as  a  wide  range  of  mode- 
locking  mechanisms^  and  soliton  formation.® 

In  free  electron  laser  (PEL)  oscillators,  radiation  bursts,  or  spikes,  as  they  are  often 
called,  have  been  studied  experimentally  and  theoretically  in  the  nonlinear  regime  by 
several  groups.'*  ”  The  appearance  of  bursts  in  this  nonlinear  PEL  regime  comes  about 
as  a  result  of  the  PEL  sideband  instability  caused  by  electron  oscillations  in  the  potential 
wells  of  the  ponderomotive  wave. 

In  contrast,  our  studies  deal  with  the  buildup  of  short  electromagnetic  radiation 
bursts  well  before  saturation  and  near  oscillation  threshold,  where  linea-  phenomena 
dominate  the  interaction.  Here  an  observed  radiation  burst  consists  of  periodic 
micropulses  contained  within  a  bell-shaped  macropluse  envelope.  The  start-up  of  the 
radiation  macropulses  are  correlated  with  random  current  spikes  superposed  on  a  uniform 
current-density  beam.  The  experimental  observations  agree  with  a  theoretical  linear 
model  of  the  PEL  impulse  response  in  the  time  domain.  The  results  shed  light  on  start-up 
processes,  mode  locking,  and  micropulse  formation  in  PEL  oscillators. 

Pigure  8a  shows  a  schematic  of  our  experiment.  The  accelerating  potential  is 
supplied  by  a  Marx  generator  (Physics  International  Pulserad  615  MR).  The  electron 
beam  is  generated  by  a  thermionically  emitting,  electrostatically  focused,  Pierce-type 
electron  gun  (250  kV.  250  A)  from  a  SLAC  klyston  (model  343).  An  emittance  selector 
is  used  to  limit  the  beam  current  to  ~1  A.  An  assembly  of  focusing  coils  transports  the 
electron  beam  into  the  rectangular  stainless-steel  drift  tube  (0.40"  x  0.90”),  which  also 
acts  as  the  waveguide  for  the  electromagnetic  radiation.  The  beam  is  contained  by  a 
uniform  1.6-kG  axial  magnetic  field  produced  by  a  solenoid. 

A  65-period  circularly  polarized  magnetic  wiggler  has  a  period  i,^=3.5  cm,  an 
amplitude  5,^=200-400  G,  and  is  generated  by  bifilar  conductors.’®  Since  an  aperture 
limits  the  size  of  the  electron  beam  to  r^“0.07j,^,  the  wiggler  field  appears  nearly 
sinusoidal  to  the  drifting  electrons.  At  the  wiggler  entrance  a  slowly  increasing  field 
amplitude  is  produced  by  resistively  loading  the  first  six  periods  of  the  wiggler  magnet. 

The  2.7-m-long  drift  tube  acts  as  a  rectangular  waveguide  whose  fundamental  TE,o 
mode  has  a  cutoff  frequency  of  6.6  GHz.  The  drift  tube  closes  upon  itself  and  thereby 
forms  a  ring  cavity  7.6  m  in  length  [see  Pig. 8].  The  system  is  operated  in  a  frequency 
range  between  8  and  11  GHz.  At  those  frequencies  the  empty  waveguide  can  support 
only  the  fundamental  (TE,o)  mode,  all  higher  modes  being  evanescent.  The  ring-cavity 
loss  is  5.5  dB.  The  single-pass  PEL  gain  varies  between  6  and  8.5  dB,  so  that  the  overall 
system  gain  is  less  the  3  dB.  It  is  in  this  low-net-gain  operating  regime  that  all  of  our 
measurements  are  carried  out,  and  where  the  periodic  rf  spikes  are  the  clearest.  In  order 
to  observe  the  rf  bursts,  the  radiation  field  of  the  ring  cavity  is  sampled  by  means  of  a  20- 
dB  directional  coupler  and  a  high-pass  filter  {f  >  9.6  GHz),  and  then  measured  with  a 
calibrated  crystal  detector. 
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Figures  8(b)  and  8(c)  illustrate  the  time  history  of  the  beam  energy  and  the  rf 
power  as  observed  on  an  oscilloscope  screen.  Since  our  Marx  accelerator  has  an  RC 
droop  with  a  25 -ps  time  constant,  the  electron-beam  energy  sweeps  through  the  range 
of  values  illustrated  in  Fig. 8(b).  Figure  8(c)  shows  that  under  these  experimental 
conditions  the  overall  rf  bursts  start  ~7ij,s  after  the  Marx  ignition  and  last  typically  for  1-2 
ns. 

The  radiation  bursts  and  the  electron-beam  current  are  recorded  simultaneously 
by  a  fast  two-channel  digital  oscilloscope  (LeCroy  7200,  with  1  -GHz  sampling  rate).  The 
stored  numerical  data  enable  a  precise  analysis  of  the  rf  intensity  and  the  current 
fluctuations,  and  of  the  correlation  between  these  signals.  Figure  9  shows  a  typical 
example  of  the  radiation  bursts  on  an  expanded  scale.  Two  dominant  macropulses, 
marked  as  A  and  B,  are  clearly  seen  within  partially  overlapping  bell-shaped  envelopes. 
Each  macropulse  consists  of  a  series  of  micropulses;  the  distance  between  two 
successive  micropulses  is  32  ns  in  macropulse  A,  and  34  ns  in  B.  The  micropulse  width 
in  both  macropulses  is  5.3  ns.  Details  of  the  experimental  studies  done  to  date  will  be 
found  in  Appendix  1 . 

During  the  coming  year  we  propose  to  continue  the  above  studies.  In  particular 
we  shall  concentrate  on  the  question  of  the  micropulse’s  width  as  it  evolves  within  a  given 
bell-shaped  macropulse.  Figure  10  shows  the  theoretical  prediction  of  this  evolution  of 
the  micropulse  width.  It  represents  a  combination  of  pulse  narrowing  due  to  the  active 
medium  represented  by  the  FEL  and  a  pulse  broadening  due  to  waveguide  dispersion. 
Convolved  in  this  development  is  also  the  question  of  the  so  called  FEL  slippage  time. 
This  is  defined  as  [  ii/Vg)  -  (i/v^  ]  l„  where  is  the  axial  electron  velocity, 
is  the  radiation  group  velocity  ,  and  Ly  is  the  wiggler  length. 
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Abstract 


Experimental  observations  and  a  theoretical  analysis  of  periodic  radiation  bursts 
and  macropulse  formation  in  the  start-up  phase  of  a  free-electron  laser  (FEL)  os¬ 
cillator  are  presented.  This  microwave  FEL  uses  a  long  pulse  electron  beam  with  a 
slowly  decaying  voltage.  The  output  radiation  consists  of  a  superposition  of  bell¬ 
shaped  macropulses,  each  of  which  is  composed  of  a  periodic  sequence  of  short 
micropulses.  The  micropulses  are  sepau’ated  by  a  cavity  round-trip  time.  Each  bell¬ 
shaped  macropulse  has  a  random  start-up  time  and  amplitude.  The  start-up  of  the 
radiation  macropulses  are  correlated  with  random  current  spikes  on  the  continuous 
electron  beam.  The  observed  macropulse  signal  agrees  with  a  theoretical  calculation 
of  the  impulse  response  of  the  FEL  oscillator  when  the  shift  in  the  FEL  resonance 
frequency  arrising  from  the  slow  voltage  drop  of  the  electron  beam  is  included  in 
the  analysis.  Possible  applications  of  the  macropulse  formation  phenomena  in  the 
FEL  are  discussed. 


149 


1  Introduction 


This  paper  presents  new  experimental  observations  of  the  spontaneous  excitation  of  pe¬ 
riodic  radiation  bursts  and  macropulse  formation  in  the  start-up  phase  of  a  free-electron 
laser  (FEL)  oscillatoi.  The  radiation  pulse  consists  of  a  superposition  of  bell-shaped 
macropulses  each  of  which  is  composed  of  a  sequence  of  short-pulse  micropulses.  The 
micropulses  within  a  given  macropulse  are  separated  by  a  cavity  round  trip  time.  The 
amplitude  of  the  micropulses  has  the  bell-shaped  macropulse  structure.  The  struture  of 
a  macropulse,  including  micropulse  width  and  separation  and  the  bell-shaped  envelope, 
is  described  by  a  linear  model  of  the  impulse  response  of  the  FEL  oscillator. 

Mechanisms  of  micropulse  formation  have  been  studied  in  a  wide  variety  of  fields, 
such  as  microwave  tubes,  conventional  lasers  and  free  electron  lasers.  In  most  cases  mi¬ 
cropulse  foration  is  related  to  nonlinear  phenomena,  such  as  mode-locking  or  solitons. 
Narrow  microwave  pulses  were  produced  in  the  early  fifties  with  regenerative  oscilla¬ 
tors.  One  such  short-pulse  generator  was  constructed  as  a  closed  loop  of  a  travelling 
wave  tube  (TVVT)  amplifier,  a  filter,  and  a  nonlinear  pulse  expander  [ij.  It  produced 
microwave  micropulses  of  ~  2  ns  width.  Short  pulse  phenomena  in  conventional  atomic 
and  molecular  lasers  have  been  studied  intensively  in  the  last  two  decades.  These  in¬ 
clude  the  nonlinear  phenomenon  of  self  (spontaneous)  spiking  [2],  as  well  as  a  wide  range 
of  mode-locking  mechanisms  [3]  and  soliton  formation  [4]. 

In  free  electron  IcLsers,  radiation  bursts,  or  spikes,  as  they  are  often  called,  have  been 
studied  experimentally  and  theoretically  in  the  nonlinear  regime  by  several  groups  [5’- 
[ll].  The  appearance  of  radiation  spikes  in  the  FEL  nonlinear  regime  is  caused  by  the 
sideband  instability  which,  in  turn,  is  driven  by  electron  oscillations  in  the  potential  w’ell 
of  the  ponderomotive  w'ave.  In  contrast,  our  studies  [13]  deal  with  the  build-up  of  short 
electromagnetic  radiation  bursts  that  occur  well  before  saturation  and  near  oscillation 
threshold,  where  linear  phenomena  dominate  the  interaction. 

Numerous  theoretical  and  experimental  investigations  of  phenomena  related  to  radi¬ 
ation  bursts  are  found  in  the  literature.  These  include  studies  of  noise  in  FEL  amplifiers 
[14],  spontaneous  emission  and  coherence  build-up  [l5j,  self  amplification  of  spontaneous 
emission  [16|,  prebunching  [17,18],  slippage  and  superradiance  [19,20],  effects  of  electron 
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energy  drift  [21],  mode  competition  [22],  phase-locking  [23],  spectral  analysis  [24]  and 
pulse  compression  [25]. 

This  paper  is  organized  as  follows;  In  section  2  we  describe  the  experimental  system 
and  results.  In  section  3,  we  utilize  the  linear  analysis  of  the  prebunched  FEL  amplifier 
to  evaluate  the  impulse  response  of  a  multipass  FEL  oscillator.  The  model  includes 
the  slow  voltage  droop  on  the  electron  beam,  and  the  competition  of  waveguide  losses 
and  dispersion  with  FEL  gain  and  disperison.  The  radiation  from  an  initially  localized 
density  perturbation,  calculated  in  the  time  domain  over  many  passes  through  the 
wiggler,  agrees  with  the  experimentally  observed  macropulse  structure.  A  discussion  of 
the  macropulse  formation  in  FEL  oscillators  and  some  possible  applications  is  presented 
in  section  4.  A  list  of  symbols  appears  in  Appendix  A. 


2  The  FEL  Oscillator  Experiment 


The  microwave  FEL  oscillator  in  this  experiment  employs  a  long  pulse,  low-energy 
electron  beam  regime.  In  its  start-up  phase,  the  oscillator  emits  periodic  short  rf  mi¬ 
cropulses  in  bell-shaped  envelopes.  The  experimental  apparatus  is  described  in  Section 
2.1,  and  the  experimental  observations  are  presented  in  Section  2.2. 


2.1  Experimental  Configuration 

The  FEL  oscillator  is  shown  schematically  in  Fig.  1.  A  microwave  FEL  amplifier  [24,25] 
was  converted  to  operate  as  an  FEL  oscillator  by  eliminating  the  input  signal  and  feeding 
the  microwave  output  power  back  to  the  wiggler  entrance. 

The  accelerating  potential  is  supplied  by  a  Marx  generator  (Physics  International 
Pulserad  615  MR)  without  a  pulse  forming  network.  The  potential  decays  exponentially, 
due  to  the  Marx  RC  droop,  as 


=  Voexp(-t/7-„,), 


(1) 
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where  Vq  =  0.2  MV  is  the  initial  {t  =  0)  Marx  voltage  and  =  2Sfj.s  is  the  time 
constant  of  the  Marx  RC  circuit. 

The  electron  beam  is  generated  by  a  thermionically  emitting,  electrostatically  fo¬ 
cused,  Pierce-type  electron  gun  (250  kV,  250  A)  from  a  SLAC  klystron  (Model  343). 
An  emittance  selector  limits  the  beam  current  to  A. 

The  electron  beam  is  transported  into  the  rectangular  stainless  steel  drift  tube  by 
an  assembly  of  focusing  coils.  The  beam  is  confined  in  the  FEL  region  by  a  uniform 
1.6  kG  axial  magnetic  field  produced  by  a  solenoid  and  FEL  coupling  is  provided  by 
a  bifilar  helical  wiggler.  The  wiggler  heis  period  =  3.5  cm,  field  amplitude  = 
200-400  G  and  a  length  of  65  periods.  An  aperture  limits  the  size  of  the  electron 
beam  to  r*  cs  0.07 A*,,  so  that  the  wiggler  field  appears  nearly  sinusoidal  to  the  drifting 
electrons.  At  the  wiggler  entrance  a  slowly  increasing  field  amplitude  taper  is  produced 
by  resistively  loading  the  first  six  periods  of  the  wiggler. 

The  2.7  m  long  drift  tube  acts  as  a  rectangular  waveguide  for  the  electromagnetic 
radiation.  Its  inner  dimensions  are  0.90"  x  0.40";  the  fundmental  TEio  mode  then  has 
a  cutoff  frequency  of  6.6  GHz.  The  waveguide  closes  upon  itself,  thereby  forming  a  ring 
cavity  7.6  m  in  length,  as  shown  in  Fig.  1.  The  system  is  operated  in  a  frequency  range 
between  8  and  11  GHz.  At  these  frequencies  the  empty  waveguide  can  support  only  the 
fundamental  (TEiq)  mode,  all  higher  modes  being  evanescent.  The  ring  cavity  loss  is 
5.5  dB  and  the  single-pass  FEL  gain  varies  between  6  and  8.5  dB,  so  that  the  overall 
system  gain  is  less  than  3  dB.  It  is  in  this  low  net  gain  operating  regime,  where  the 
periodic  rf  spikes  are  the  clearest,  that  all  of  our  measurements  are  carried  out. 

The  radiation  field  in  the  ring  cavity  is  sampled  by  means  of  a  20  dB  directional 
coupler.  In  some  of  our  measurements  the  sampled  signal  passes  through  a  band-pass 
filter  (9.6-10.2  GHz)  or  by  a  high-pass  filter  (9.6  GHz).  The  radiation  power  is  measured 
with  a  calibrated  crystal  detector. 
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2.2  Experimental  Observations 


The  FEL  oscillator  emits  bursts  of  microwave  radiation.  Fig.  2a  shows  the  full  rf  signal 
during  one  shot,  and  Fig.  2b  shows,  on  the  save  time  scale  as  Fig.  2a,  the  Marx  potential 
droop.  In  this  experiment  the  bursts  start  typically  after  the  Marx  ignition  and 
they  completely  disappear  ~  9/is  after  the  Marx  ignition. 

Figure  3  shows  a  more  detailed  look  at  typical  radiation  bursts.  The  pulse  appears 
noisy  and  irregular,  though  some  periodic  structures  can  be  identified.  The  underlying 
temporal  structure  is  revealed  by  filtering  the  microwave  with  a  band-pass  filter  placed 
in  the  output  arm  of  the  directional  coupler.  Figure  4  shows  radiation  bursts  detected 
through  a  9.6-10.2  GHz  band-pass  filter.  The  filtered  pulse  is  seen  to  be  composed  of  a 
sequence  of  partially  overlapping  bell-shaped  macropulses  with  random  start-up  times 
and  amplitudes.  Each  macropulse  consists  of  a  series  of  micropulses  within  a  macropulse 
envelope.  The  micropulse  width  (FWHM)  is  ~  5  ns,  and  no  significant  broadening  is 
observed  over  many  roundtrips.  The  distance  between  two  successive  micropulses  in 
Fig.  4  is  <^36  ns.  This  period  is  the  roundtrip  time  of  a  rf  micropulse  with  a  center 
frequency  of  /o  =  9.6  GHz  in  the  7.6  m  ring  cavity.  Increasing  the  cavity  length  to  11.3 
m  results  in  a  similar  bell-shaped  macropulses  with  a  longer  period  (51  ns)  between  the 
micropulses.  The  (51  ns)  micropulse  period  is  in  agreement  with  the  rf  roundtrip  time 
in  the  11.3  m  cavity. 

In  all  the  runs  performed  (totalling  over  100),  the  bell-shaped  macropulse  is  observed 
to  be  the  underlying  building  block  of  the  radiation  bursts.  The  RF  bursts  appear  to  be 
composed  of  a  sequence  of  partially  overlapping  bell-shaped  macropulses  with  random 
start-up  times  and  random  amplitudes.  The  macropulses  are  most  easily  observed 
when  the  FEL  is  operated  just  above  threshold.  As  the  gain  is  increcised,  the  density  of 
macropulses  increases  and  individual  macropulses  are  harder  to  distinguish.  For  fixed 
system  parameters,  macropulses  in  a  burst  varies  randomly  from  one  run  to  another. 
The  separation  of  the  micropulses  within  each  macropulse  corresponds  to  the  cavity 
roundtrip  time  of  an  rf  pulse  at  the  FEL  resonance  frequency,  as  determined  (at  the 
instantaneous  electron  beam  energy).  Similar  bell-shaped  macropulses  are  observed  by 
filtering  the  feedback  signal  in  the  return  leg  of  the  ring  cavity  instead  of  filtering  the 
output  signal. 
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We  found  that  the  random  start-up  times  of  the  macropulses  and  their  appearance 
are  correlated  to  spikes  in  the  current  density.  Fig.  5  shows  the  electron  beam  current 
density  measured  by  a  tiny  probe  [26]  which  is  partially  inserted  into  the  electron  beam. 
The  probe  b  placed  ~1  m  from  the  beginning  of  the  wiggler.  The  random  current  spikes 
are  clearly  seen  superposed  on  the  dc  current.  The  width  of  the  current  spikes  (FWHM) , 
measured  by  a  fast  transient  recorder  (Tektronix  SCD  1000)  was  found  to  be  typically 
narrower  than  1  ns. 

The  radiation  bursts  and  the  electron  beam  current  were  recorded  simultaneously 
using  a  LeCroy  7200  two-channel  digital  oscilloscope  with  1  GHz  sampling  rate.  The 
stored  data  enables  a  detailed  analysis  of  the  RF  intensity,  the  current  fluctuations,  and 
any  correlations  between  their  temporal  structures.  In  these  measurements,  in  order  to 
reduce  the  micropulse  broadening,  we  used  a  high-pass  filter  (/  >9.6  GHz)  to  reject  low 
frequency  signals,  instead  of  a  band-pass  filter. 

Figure  6a  shows  a  typical  example  of  the  radiation  bursts  in  an  expanded  scale.  Two 
dominant  macropulses,  marked  as  A  and  B,  are  clearly  seen  with  partially  overlapping 
bell-shaped  envelopes.  Each  macropulse  consists  of  a  series  of  micropulses.  The  mi¬ 
cropulse  period  is  32  ns  in  macropulse  A,  and  34  ns  in  B.  The  micropulse  width  in  both 
macropulses  in  Fig.  6a  is  ~5  ns,  and  no  significant  broadening  is  observed  in  successive 
round-trips. 

Figure  6b  shows  the  simultaneous  envelope  of  the  electron  beam  current  and  the 
random  spikes  associated  with  it  on  the  same  time  scale  as  Fig.  6a.  The  first  two 
current  spikes  are  marked  in  Fig.  6b  as  A'  and  B'.  The  distance  between  the  current 
spike  A'  and  the  peak  points  of  the  macropulses  A  is  516  ns,  and  the  distance  between 
the  current  spike  B'  and  the  peak  points  of  the  macropulses  B  is  510  ns.  The  relation 
between  these  current  spikes  and  the  radiation  pulses  in  Fig.  6a  is  examined  in  the  next 
sections. 
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3  A  Time  Domain  Analysis  of  the  FEL  Oscillator 


The  periodic  radiation  bursts  and  macropulse  formation  in  an  FEL  oscillator  presented 
in  the  previous  section  are  observed  well  before  saturation,  i.e.,  in  the  small  signal 
regime.  Therefore,  we  can  apply  a  small-signal  linear  theory  to  analyze  these  phenom¬ 
ena.  In  Section  3.1  we  review  the  linear  model  of  the  prebunched  FEL  amplifier  in  the 
frequency  and  time  domains.  In  section  3.2  we  extend  the  model  to  describe  the  FEL 
oscillator  in  the  time  domain.  The  impulse  response  of  the  FEL  oscillator  is  computed 
and  compared  to  the  rf  macropulses  observed  in  the  experiment. 


3.1  Amplification,  Prebunching,  and  Spontaneous  Emission 


The  FEL  emits  electromagnetic  radiation  by  various  mechanisms,  such  as  the  sponta¬ 
neous  emission  [15],  the  signal  amplification  [27],  the  prebunched  electron  beam  [17,18], 
and  the  self  amplification  of  spontaneous  emission  [16|.  These  mechanisms  can  be  dis- 
tinguised  by  the  source  of  excitation  which  initiates  the  radiation.  In  the  amplification 
process,  the  FEL  radiation  is  stimulated  by  the  injection  of  an  input  field  at  the  same 
frequency.  The  prebunched  FEL  is  excited  by  an  initial  modulation  of  the  electron 
beam  distribution  at  the  signal  frequency.  In  the  spontaneous  emission  process,  the 
FEL  emission  of  radiation  is  induced  by  random  velocity  and  density  fluctuations  in 
the  electron  beam.  These  noise  sources  spread  on  a  wide  spectrum,  including  the  FEL 
resonance  frequency  band  in  which  the  FEL  radiation  is  excited.  All  these  effects  are 
described  by  similar  transfer  functions  which  relate  the  FEL  output  radiation  to  the 
excitation  sources;  the  input  field  and  the  non-uniform  electron  beam  distribution  at 
the  entrance. 


In  the  FEL  amplification  process,  the  relation  between  the  output  field,  Eo{i6k,ij), 
and  the  input  field,  is  given,  for  a  cold  beam,  in  wavenumber-frequency  space, 

by  the  gain-dispersion  equation  [27,28j: 


Et,{i6k,u)  = 


{6k-ey-ei 


(2) 


i6k[{Sk  -ey-ei\  + 

where  6k  is  the  complex  modification  of  the  electromagnetic  wave  wavnumber  due  to  the 
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FEL  interaction,  and  s  —  ik^  +  iSk  is  the  Laplace  transform  variable,  a(s)  =  L{c(2)}  = 
J^a{z)e~*^dz. 


The  FEL  parameters  l9p,  k,  and  8  are  easily  related  to  physical  quantities.  The 
space-charge  parameter,  5p,  is 


the  coupling  parameter,  k,  and  the  gain  parameter,  Q,  are 


{4a,  6) 

and  the  detuning  parameter  6  is  defined  by 

-  iO 

B  —  0 ~  ”** 

(5) 

In  the  process  of  spontaneous  emission  and  for  initial  prebunching  of  the  electron 
beam,  the  FEL  output  field  is  excited  by  an  initially  nonuniform  electron  beam  distri¬ 
bution.  The  relations  between  the  output  field,  Eo{iSk,u)),  and  the  ac  input  density 
component  nj(u;)  and  velocity  component,  t5,(w),  are  given  [17,29]  by 

(6a) 

and 

£,  /  •  r  I  \  •  "h  )  -  /  \ 

Eo{tbk,u})=^ 

D{t6kjU) 

respectively,  where  the  coefficients  a„  and  a„  are 

(66) 

1  ^  tr  1  ^ 

On  —  TCZqVx,  Qu  —  TPo^OTT’’ 

4  4  K, 

(7a,  6) 

and  D{i6k,u)  is  the  denominator  of  Eq.  (2), 

D{i6k,u})  =  —  0)*  —  6^]  +  iKBp. 

(8) 

Eqs.  (6a,  b)  apply  to  a  prebunched  electron  beam  in  which  the  ac  components  h,(ij) 
and  Vi{u;)  are  at  the  same  frequency  as  the  rf  output  signal.  These  relations  can  be 
extended  to  describe  shot-noise  and  other  types  of  random  fluctuations  in  which  the 
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electron  beam  distribution  is  defined  by  statistical  features  such  as  its  spectral  power 
density. 

The  FEL  transfer  functions  (2,  6a,  b)  are  given  in  the  Laplace- Fourier  space  {i6k,u). 
In  order  to  find  the  spectral  transfer  functions  of  the  FEL  interaction  between  the  FEL 
output  radiation  Eo{^)  the  wiggler  exit  z  —  and  each  of  the  input  excitations 
Ei{tjj),  ni(w),  and  5,(w)  at  2  =  0,  we  perform  an  inverse  Laplace  transform  on  the 
relations  (2,  6a,  b). 


The  FEL  dispersion  equation  (the  denominator  of  Eq.  (2)) 

=  0, 


(9) 


is  a  Pierce-type  cubic  equation  [30].  The  zeroes  Sk^  {m  =  1,2,3)  of  the  cubic  dispersion 
equation  (9)  are  found  numerically.  The  residues  of  Eqs.  (2),  (6a),  and  (6b)  are  denoted 
as  i?®,  and  respectively.  The  residues  of  Eq.  (2),  for  instance,  are  given  by 


[  {sk-ey-ei 

[t5Jt[(<5A:  -  6)2  -  62]  +  z«62 


{Sk  -  6km) 


for  m  =  1,2,3.  In  the  same  manner  the  residues  of  Eq.  (6a)  are  R^  =  (jo:n(6/:  —  6){6/:  — 
6/:„)/I?(i6fc,w)]|ffc=5fc„,  and  the  residues  of  Eq.  (6b)  are  R^  =  [— +  k^){6k  — 


With  the  above  definitions,  the  spectral  transfer  functions  between  the  FEL  output 
Eg{u!)  and  each  of  the  inputs  are  given  by  the  inverse  Laplace  transform  as 

333 

T^{^)  =  Z  r„(u,)  =  Z  Ke'-'--.  r.ic.)  =  E 

m=l  m=l  m=l 

(11g,6,c) 

where  s^.  =  iSkm  +  iki  are  the  poles  in  the  complex  s-plane.  Fig.  7  shows  the  amplitude 
curves  of  the  FEL  gain,  and  the  prebunched  FEL  emission,  Tn(w),  for  the  pa¬ 

rameters  of  our  experiment.  (The  latter  curve  corresponds  also  to  the  FEL  spontaneous 
emission  for  a  uniform  spectral  density  of  the  electron  fluctuations,  lni(w)p  =  const.). 


The  output  field  radiation  due  to  the  various  sources  of  excitation  is  given  by  the 
superposition 

-Eo(w)  =  TE{u)Ei{uj)  +  Tn{uj)hi{(j)  +  7;(w)t;,{w).  (12) 
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and  the  corresponding  output  spectral  power  density  is  given  by 

In  the  time  domain,  the  FEL  impulse  response  functions  are  obtained  by  performing 
the  inverse  Fourier  transform  of  Eqs.  (lla,  b,  c).  For  instance,  the  FEL  response  to  a 
density  impulse  in  the  electron  beam  is  given  by 

*„(r)  =  F  -'{T^w)}  =  (13) 

The  function  *h„(r)  gives  the  output  field  due  to  an  impulse  electron  density 

n(T)  =  ^{t).  Similar  integrals  define  the  FEL  responses  to  an  input  field  impulse, 
h£(r)  =  F  ~^{Te{w)},  and  to  a  velocity  impulse,  /i„{r)  =  F  Fig.  8  shows 

the  amplitude  of  the  FEL  impulse  response  function  h„(r)  for  the  parameters  of  our 
experiment.  The  output  field  produced  by  an  electron  current  impulse  at  t  =  0  is  a 
delayed  pulse  with  a  finite  width. 

The  impulse  response  h„(r)  can  be  found  analytically  in  the  limit  of  weak-coupling, 
low-gain  [Q  =  <  1),  and  a  tenuous  electron  beam  {6p  —  6pL^  <  tt).  Though  our 

FEL  operates  in  the  intermediate  high-gain  regime,  and  we  use  numerical  methods  to 
analyze  it,  analytical  solutions  in  the  low  gain  limit  can  provide  physical  insight. 


The  dispersion  equation  (9)  has  a  simple  first-order  solution  in  the  low-gain  limit. 
The  prebunched  FEL  equation  (6a)  can  be  expanded  to  the  first-order  in  Q,  as 


E„{t6k,u)  =  -  Do{i6k,u)~^  •  Q}  •  -  ^)n,,  (14) 


where  the  zero-order  dispersion  equation  in  this  limit  is  Do{iSk,u>)  =  i6k[6k  —  d)"^.  An 
inverse  Laplace  transform  is  performed  analytically  by  a  partial  fraction  expansion  of 
Eq.  (6a)  (where  the  poles  of  the  dispersion  equation  are  6ki  —  0  and  ^A:2,3  =  ^)-  This 
yields  the  known  spectral  relation  for  the  prebunched  FEL  in  the  low  gain  limit 


r„(a;)  =  (x^L^ 


sin(fl(u;)/2) 

B{u)l2 


(15) 


The  spectral  power  density  |r„(u;)p  =  (Q„L„,)^sinc^(^(u;)/2)  is  the  spontaneous  emission 
from  a  uniformly  distributed  shot-noise  (jn,(u;)p  =  const  ).  The  impulse  responses  h„(r) 
is  found  by  the  inverse  Fourier  transform  (13).  In  the  low-gain  limit,  it  has  the  simple 
form, 

M<)  =  M  (16) 

0  otherwise. 
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where  the  resonance  frequency  cjq  is  defined  by  5(a;o)  =  0,  and  the  amplitude  is  = 
—  tg).  The  response  hn(T)  from  a  current  impulse  at  t  =  0,  (in  the  low- 
gain  limit)  has  a  square  pulse  envelope  which  starts  at  ig  —  Lui  jVg  (u/q)  and  ends  at 
te  =  LwfVf,  where  tg  and  are  the  propagation  times  through  the  wiggler  [31]  of  the 
radiation  power  and  of  a  single  electron,  respectively.  The  impulse  response  pulse  width 
is  simply 


The  time  constant  r,,  the  FEL  slippage  time,  is  related  to  the  coherence  time  and  to 
the  line  width  in  the  low-gain  limit,  Aw  =  ;r/r,  =  uqI2Nw- 

The  output  field  for  any  time-dependent  electron  beam  density  at  the  entrance,  ni{t), 
can  be  found  from  a  convolution  with  the  impulse  response  h„(r) 

Eo{t,  z  =  Lyj)  =  ni{t  -  T)h^{r)dT.  (18) 

Similar  expressions  can  be  derived  which  relate  the  ouput  field  to  the  input  field,  S,; 
and  a  velocity  perturabation,  Vi. 

3.2  Linear  Model  of  the  FEL  Oscillator 


The  radiation  build-up  process  in  a  FEL  oscillator  incorporates  processes  of  spontaneous 
emission  and  amplification.  The  oscillator  consists  of  an  FEL  section  and  a  cavity  or  a 
feedback  loop,  as  shown  schematically  in  Fig.  9.  The  FEL  is  modelled  here  as  a  block 
with  two  inputs,  .&,(w)  and  n,(w),  and  one  output,  Eo{<^)>  with  known  linear  relations 
between  them  (given  by  Eqs.  (11a)  and  (11b),  respectively). 

The  feedback  loop,  made  of  a  waveguide  in  a  form  of  a  ring  cavity  geometry,  is  a 
lossy  dispersive  medium.  The  phase  shift  during  one  roundtrip  in  the  cavity  is  given  by 

^d(w)  =  y^(w/c)2  -  (7r/a)2  Lc,  (19) 

where  Lc  is  the  cavity  length.  The  waveguide  dispersion  curve  and  the  FEL  tuning  line 
^(wjfcjjV',)  =  0  are  shown  in  Fig.  10.  The  intersection  of  these  curves  at  the  points 
A  and  B  determine  the  FEL  operating  conditions.  As  the  electron  energy  decays,  the 
slope  of  the  beam  mode  line  decreases,  and  the  intersection  points  A  and  B  converge 
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to  C.  When  the  beam  energy  falls  too  low,  no  intersection  is  possible,  and  when  the 
seperation  between  the  beam  and  waveguide  becomes  too  large,  no  power  is  produced. 

In  our  experiment  the  FEL  parameters  are  slightly  time  dependent  due  to  the  slow 
variation  in  the  electron  beam  energy  (1).  Fig.  11  shows  the  time  dependence  of  the 
FEL  resonance  frequency  /o,  of  the  corresponding  cavity  roundtrip  time  =  Lc/K,, 
and  of  the  slippage  time  r,  (17).  The  results  show  that  in  our  experimental  parameters 
the  slippage  time  is  much  shorter  than  the  roundtrip  time, 

Tm,  (21) 

thus  we  can  apply  a  two-time-scale  approach.  The  short  one  is  the  FEL  time  scale, 
t  ^  Tj,  and  the  long  one  is  the  cavity  time  scale,  t  ~ 

In  order  to  find  the  impulse  response  of  the  FEL  oscillator,  we  model  it  as  a  cascade 
of  FEL  blocks  [32]  as  shown  in  Fig.  12.  Each  stage  /  in  the  cascade  represents  one 
round-trip  period  which  includes  an  FEL  section  [FEL^^^)  and  a  waveguide  section 
(modeled  as  a  delay  element  Di  (19)).  Each  FEL  block  has  two  inputs;  one  for  the  EM 
wave  Ex,  and  the  other  for  the  electron  beam  density  fluctuations  n,-.  By  allowing  each 
FEL  block  to  have  slightly  different  beam  parameters,  we  can  model  the  slow  energy 
variation  on  the  beam. 

In  our  model  of  this  experiment,  the  FEL  interaction  is  initiated  by  a  density  an 
input  signal  in  the  port,  which  represents  the  shot-noise  or  fluctuations  in  the  electron 
beam  density.  This  generates  radiation  emission  at  the  output  port  Eg,  which  is  then 
fed  back  to  the  input  port,  E,-,  by  the  feedback  loop,  and  is  reamplified  in  successive 
roundtrips.  The  spiky  behavior  of  the  electron  beam  current  described  in  the  previous 
section  leads  us  to  model  the  electron  beam  density  as  a  shot-noise  process,  namely 

ni{t)  =  nQ  +  nn'^S{t-ti),  (20) 

t 

where  U  are  random  points  on  the  time  axis  distributed  with  a  uniform  density.  Con¬ 
sequently,  6(f  -  ti)  are  uncorrelated  Poisson  impulses.  Such  a  shot-noise  model  refers 
usually  to  fluctuations  from  single  electrons.  In  our  caise,  however,  we  apply  it  to  the 
current  spikes,  shown  in  Fig.  5,  as  macroparticles. 

For  each  FEL  block,  the  linear  transfer  functions  (11a)  (11b)  define  the  spectral 
relation  between  the  output  Eo(u;)  and  the  two  independent  inputs,  Ei{u})  and  n,(w), 


respectively,  as 

^o(w)|n,=o  =  AHIe.^o  =  ri')(u;)n.(u;),  (22a,  6) 

where  the  transfer  functions  tP(u>)  and  are  computed  for  the  instantaneous 

FEL  parameters  at  the  roundtrip. 

The  response  of  the  FEL  oscillator  to  a  single  density  impulse  ni[t)  =  no  +  n„6(t  - 1;), 
is  given  in  the  frequency  domain  by 

•  •  •  t^K  (23) 

Fig.  13a  shows  the  spectral  evolution  of  the  signal  in  successive  roundtrips,  as  computed 
from  Eq.  (23).  Fig.  13b  shows  the  corresponding  sweep  of  the  center  frequency  of  each 
micropulse  due  to  the  change  in  the  accelerator  voltage  (l). 

In  the  time  domain,  the  FEL  response  at  t  =  tj  is  given  by  an  inverse  Fourier 
transform  of  the  cascade  transfer  function  (23), 

KAtzJi)  =  ^  f  n  r|^(w)e‘"‘— (24) 

Z7T  Ju)  l_j 

where  I  =  0  corresponds  to  t  =  ti,  and  f  =  m  is  the  number  of  roundtrips  at  t  —  f2-  The 
FEL  response  to  a  non-impulse  electron  density  fluctuation  7i,(t)  =  no  +  n/(t),  w'here 
n/(i)  is  much  shorter  than  a  roundtrip  time,  is  given  in  general  by  the  convolution 
integral  E^(t)  =  f‘=-oo  ^csc(i,r)ny(r)dr. 

We  assume  density  fluctuations  n,(t)  =  no  +  ]C>  —  with  random  amplitudes, 

Tij,  and  random  appearance  times,  tj.  Thus  the  output  radiation  Eo(t)  is  a  linear  super¬ 
position  of  impulse  responses  hp,;  (<2,  tj)  for  the  random  spikes,  £^<,(^2)  =  ”j^ojc(<2i  ^y)- 
The  output  power  is  then 

l^o(i2)l^  =  l£n,/io,c(«2,t,)l*  =  (25) 

j 

The  intensity  of  the  impulse  response  |ho,c(t2>^i)|^  with  a  high-pass  filter  (/  > 
9.6GHz)  is  computed  for  the  parameters  of  the  experiment,  and  plotted  as  a  function 
of  time  in  Fig.  14.  The  theoretically  calculated  intensity  shown  in  Fig.  14  resembles 
the  observed  bell-shaped  macropulses  shown  in  Figs.  4  and  6a.  In  the  computed  FEL 
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impulse  response,  the  macropulse  peak  point  appears  after  507  ns  from  the  current  im¬ 
pulse,  the  period  between  two  micropulses  is  ~33  ns,  and  the  micropulse  width  is  ~5 
ns.  These  theoretical  results  are  quite  similar  to  the  experimental  measurements  shown 
in  Fig.  6.  The  spikes  A'  and  B'  (Fig.  6b)  appear  at  =  82  ns  and  tB>  —  317  ns, 
respectively.  The  peak  points  of  macropulses  A  and  B  (Fig.  6a)  appears  at  =  598 
ns  and  ts  =  827  ns,  respectively.  Hence,  the  time  difference  -  tA'  —  516  ns  is  close 
to  the  difference  -  ta'  =  510  ns,  and  to  the  theoretical  result,  507  ns.  The  observed 
signals  in  all  our  experimental  runs  are  composed  of  partially  overlapping  macropulses 
with  random  amplitude  and  random  appearance  time.  The  observed  macropulses  have 
the  same  structure  as  the  computed  ti)|^  shown  in  Fig.  14. 

Fig.  15  shows  the  pulsewidth  of  each  micropulse  plotted  in  Fig.  14a  and  the  pulse 
width  of  the  a  micropulse  without  the  FEL  irteraction  (but  with  waveguide  disper¬ 
sion)  It  can  be  seen  that,  for  these  parameters,  the  tendency  of  waveguide  dispersion  to 
broaden  the  micropulse  is  counteracted  somewhat  by  the  high  gain  and  phase  modifi¬ 
cation  of  the  FEL. 
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4  Discussion 


In  this  paper,  we  have  identified  a  fundamental  signal  structure,  the  bell-shaped  macropulse 
of  Figs.  4  and  6a,  which  is  the  underlying  building  block  of  the  rf  pulse  near  oscillation 
threshold.  The  experimental  measurements  of  the  time  dependence  of  the  macropulse 
are  in  agreement  with  a  theoretical  shot-noise  analysis  of  the  FEL  oscillator. 

The  agreement  between  experiment  and  theory  is  remarkable,  but  some  underlying 
assumptions  in  the  theory  used  to  produce  Fig.  14  cannot  be  verified  experimentally 
with  our  present  apparatus.  In  the  experiment  we  observed  a  correlation  between  the 
macropulses  (Fig.  6a)  and  spikes  superposed  on  the  electron  beam  current  (Fig.  6b). 

In  the  theoretical  analysis,  a  random  sequence  of  ideal  impulses  (20)  serves  as  a  model 
for  the  current  spikes  (Fig.  5).  The  observed  spikes  may  have  a  pulsewidth  of  the  order 
of  1  ns,  which  is  much  longer  than  a  wavelength  (A  =0.1  ns).  VVe  assume  however, 
without  an  experimental  verification,  that  these  random  spikes  have  a  non-zero  spectral 
co.ntent  in  the  FEL  frequency  band.  The  effect  of  this  spectral  content,  which  has  an 
almost  uniform  spectral  density,  is  modeled  here  by  the  impulse  response  model.  A  non¬ 
uniformity  in  the  spectral  content  of  the  spikes  in  the  FEL  frequency  band  causes  some 
widening  of  the  micropulses  which  can  be  easily  evaluated  by  a  convolution  integral  as 
in  Eq.  (18).  The  agreement  between  the  experimental  and  the  theoretical  results  as 
presented  above,  confirms  our  understanding  that  the  radiation  macropulse  is  generated 
by  a  current  spike.  In  particular,  in  the  example  shown  in  Figs.  6a, b  the  spike  A’ 
excited  the  macropulse  A,  and  the  spike  B'  excited  the  macropulse  B.  In  general,  the 
same  macropulse  occur  in  the  start-up  phase  of  the  FEL  oscillator,  without  the  current 
spikes  observed.  In  the  microscopic  scale,  the  shot-noise  components  of  the  electron 
beam  excite  the  same  macropulse  signals.  Thus,  we  believe,  the  radiation  pow'er  in  the 
start-up  phase  of  an  FEL  oscillator  is  composed  of  a  large  number  of  such  macropulses 
with  uncorrelated  random  start-up  times,  as  in  Eq.  (25). 

The  bell-shaped  envelope  of  the  macropulse  results  from  the  beam  voltage  droop. 

Th  is  droops  leads  eventually  to  a  violation  of  the  FEL  resonance  conditions,  and  there¬ 
fore  to  a  reduction  in  the  micropulses  growth  rate.  In  the  peak  point  of  the  macropulse, 
the  FEL  amplification  equals  to  the  waveguide  attenuation,  and  the  net  gain  is  zero. 
With  a  constant  electron  beam  energy,  the  reamplification  of  the  micropulse  would 
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continue  until  saturation. 


The  micropulse  bounces  in  the  FEL  oscillator,  thus  it  is  obvious  that  the  micropulse 
periodicity  equals  its  roundtrip  time  in  the  cavity,  as  confirmed  by  experiment  and 
theory.  The  micropulse  is  subjected  to  the  waveguide  dispersion  and  to  the  FEL  phase 
shift,  and  therefore  its  width  and  its  amplitude  are  expected  to  evolve  as  a  function 
of  time.  The  first  micropulse  in  Fig.  14  is  the  instantaneous  response  of  the  FEL  to 
the  electron  beam  impulse.  Its  width  is  the  FEL  slippage  time,  r,  =  2.5  ns.  In  the 
following  roundtrips  it  is  slowly  broadening  to  5  ns  near  the  macropulse  peak  point, 
in  agreement  with  the  experiment  (Fig.  6a).  This  width  is  narrower  than  the  pulse 
width  which  would  evolve  if  the  waveguide  dispersion  would  be  effective  solely,  without 
the  FEL  (Fig.  15).  Hence,  we  conclude  that  the  FEL  net  amplification  and  phase 
shift  counteract  the  waveguide  dispersion  and  balance  the  tendency  of  the  micropulse 
to  broaden. 

Further  experimental  investigation  of  study  methods  to  control  the  micropulse  and 
macropulse  structure  suggest  themselves.  For  example,  the  macropulse  could  be  initi¬ 
ated  by  an  applied  current  perturbation,  the  electron  beam  energy  droop  can  be  adjusted 
to  change  the  number  of  micropulses,  and  the  dispersion  may  be  adjusted  to  change  the 
micropulse  width.  This  macropulse  formation  phenomenon  may  have  practical  appli¬ 
cations,  especially  for  electrostatic  FELs,  as  a  method  to  produce  sequences  of  tunable 
high-power  short  micropulses.  A  photo-cathode  for  instance  may  produce  a  sequence 
of  short  pulses,  in  addition  to  a  dc  electron  beam,  as  in  Eq.  (2)).  In  principle,  with 
good  control  of  the  electron  beam  energy,  the  FEL  may  produce  long  macropulses  with 
uniform  amplitude. 
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Appendix:  List  of  symbols 


k  =  w/c 
a,b 

k,  =  yjk'‘-  (ir/o)’ 

V,H 

L.. 

t4  =  i./V, 

cl^o  =  27r/o 


wave  frequency 

wave  wavenumber  in  free-space 

free-space  impedance 

waveguide  transverse  dimensions 

axial  wavenumber  of  the  TEio  waveguide  mode 

group  velocity  in  the  waveguide 

length  of  the  ring  cavity 

roundtrip  time  of  a  pulse  in  the  cavity 

FEL  resonance  frequency 


Bw 

Ayj 

Jj^u; 

=  2x/X^ 


wiggler  magnetic  field 
wiggler  period 
wiggler  length 
wiggler  wavenumber 
axial  magnetic  field 


e 

m 

no 

Po  —  ~€TIq 
Fx 

V, 

0  =  Vfc 
p,  =  VJc 
7  =  i/v/r^ 
Iz  =  l/v^l  -  p] 


electron  charge 
electron  mass 
average  electron  density 

amplitude  of  the  electron  perpendicular  velocity  component  in  the  com 
electron  axial  velocity  component 
normalized  electron  velocity 

the  relativistic  factor 
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Figure  Caption 


Fig.  1:  The  experimental  set-up  of  the  FEL  oscillator. 

Fig.  2:  (a)  The  unfiltered  RF  bursts,  and  (b)  the  Marx  accelerator  RC  voltage  droop  (on 
the  same  time-scale) - 

Fig.  3:  Typical  unfiltered  RF  bursts. 

Fig.  4;  RF  bursts  filtered  by  a  band-pass  filter,  /  =  9.6  —  10.2  GHz. 


Fig.  5:  Random  spikes  in  the  electron  beam  current. 


Fig.  6:  (a)  The  RF  output  bursts  filtered  by  a  high-pass  filter,  /  >  9.6  GHz,  and  (b) 
the  associated  spikes  of  the  electron  beam  current.  Both  signals  were  recorded 
simultaneoxisly  by  a  fast  digital  oscilloscope  (LeCroy  7200). 


Fig.  7:  (a)  The  FEL  gain  curve  lr£:(/)|,  and  (b)  the  prebunched  FEL  emission  curve 
l^n(/)|)  computed  from  Eqs.  (11a)  and  (lib),  respectively,  for  our  experimental 
parameters. 


Fig.  8:  The  envelope  of  the  FEL  impulse  response  An(<2,fi)  computed  from  Eq.  (13)  for 
our  experimental  parameters,  ti  =  6/is  and  t  =  f2  —  ti- 


Fig.  9;  A  physical  model  of  the  FEL  oscillator  consisting  of  a  time-dependent  FEL  and  a 
dispersive  feedback  loop. 


Fig.  10:  The  waveguide  dispersion  curve  =  ^/(w/c)^  —  (tt/c)®,  and  the  FEL  synchronism 
line  B  =  (w/V,.  —  fc,  —  kJ)L^  =  0.  The  intersection  points  A  and  B  determine  the 
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FEL  resonance  conditions.  The  slope  of  the  FEL  line  decays  due  to  the  electron 
energy  droop  (1).  Point  C  determines  the  lowest  electron  velocity  for  the  FEL 
interaction.  The  horizontal  dashed  line  shows  the  filter  band  above  9.6  GHz. 


Fig.  11:  The  time  dependence  of  (a)  the  FEL  resonance  frequency  /o  of  point  A  {Fig.  10), 
(b)  the  7.6  m  cavity  roundtrip  time  —  LcfVg  of  the  instantaneous  resonance 
frequency  /o,  and,  (c)  the  slippage  time  r,  (17). 

Fig.  12:  The  ’unfolded’  model  of  the  FEL  oscillator  used  for  computation  of  the  impulse 
response. 

Fig.  13:  (a)  The  spectral  evolution  of  the  FEL  oscillator  impulse  response  with  a  high- 
pass  filter  (/  >  9.6  GHz)  in  the  frequency  domain,  as  computed  by  Eq.  (23)  for 
=  6/is.  (b)  The  center  frequency  at  each  roundtrip. 

Fig.  14:  The  FEL  impulse  response  intensity  jh„(t25ti)P  in  the  time  domain  as  computed 
from  Eq.  (24)  for  our  experimental  parameters  (ti  = 

Fig.  15:  The  pulsewidth  of  the  computed  micropulses  in  Fig.  14  and  their  pulsewidth  in 
the  same  waveguide  ring  cavity,  but  without  FEL  gain  [Te{<^)  =  0). 
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